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The potential of using plasma technology to improve the photovoltaic performance 
of dye sensitised solar cells (DSSCs) and perovskite solar cells (PSCs) has been 
investigated. 
The amount of dye loaded on the TiO2 surface and the electron transport properties 
of the TiO2 network are crucial for DSSC efficiency. Plasma technology offers 
surface modification and doping of TiO2 as an alternative to chemical and lengthy 
high temperature treatments.
Oxygen plasma was used to introduce oxygen functional groups in order to increase 
the dye loading. These functional groups, particularly hydroxyl groups, can attach 
the dye molecules to the TiO2 surface. A 24% increase in the dye loading was 
achieved. It was also found that some Ti4+ charge states were changed to Ti3+ by 
the plasma treatment. The solar-to-electric energy conversion efficiency of a DSSC 
with plasma treated TiO2 electrode was increased, by 13%, to 4.3%. A relatively 
smooth TiO2 thin film was deposited and compared with commercial TiO2 to gain 
a better understanding of the surface modifications caused by the plasma treatment. 
It was found that the oxygen plasma treatment introduced hydroxyl functional 
groups on the surface of TiO2. Continuous wave plasma treatment generated Ti3+
surface charge state whereas a pulsed mode retained more functional groups.
A unique plasma + thermal system was used to dope TiO2 with nitrogen. This 
enabled the effects of changes in band-gap and Ti3+ states to be investigated. It was 
found that the combination of plasma and thermal energy enabled controllable 
doping. A 5 min plasma (N2 + 15% H2) + heat (400 ȗC) treatment resulted in about 
3% (atomic) doped nitrogen in TiO2, which reduced the band gap to 3.00 eV 
XIX 
 
compared to 3.23 eV of untreated TiO2. The highest doping (6%) reduced the band 
gap to 2.7 eV. 
A new type of DSSC, in which the light absorbing dye molecules have been 
replaced by perovskites, has shown promising efficiency. In such solar cells, a 
crystalline TiO2 blocking layer is essential to avoid the direct contact between the 
solid electrolyte layer and transparent conducting oxide layer (FTO). Annealing at 
high temperature improves crystallinity but impedes synthesis of a TiO2 blocking 
layer on heat sensitive substrates. Therefore, the possibility of growing crystalline 
TiO2 thin films using reactive sputtering with modest heating of the substrate was 
studied. It was found that the thickness of the blocking layer plays a crucial role in 
determining the electron transport properties and that plasma pre-treatment of the 
FTO prior improves the adhesion of the film. Using these techniques, a PSC with a 
76 nm thick blocking layer gave the remarkably high solar-to-electric energy 
efficiency of 8.7%. 
Plasma technologies can be used to improve the photovoltaic performance of 
DSSCs and PSCs. It improves the low temperature synthesis of TiO2 thin films 









1.1 Research objective and motivation
Dye sensitised solar cells (DSSC) are attractive because they are made from 
abundantly available materials that do not need to be highly purified and can be 
manufactured at a low cost [1]. So far, DSSCs have reached a maximum conversion 
efficiency of ~ 13% [2-5]. However, the theoretical maximum solar energy 
conversion efficiency of a DSSC is about 20% [6, 7]. In response to this, research 
has focussed on making more efficient DSSC. 
A DSSC is comprised of five components to convert sunlight to electric energy:  a 
mesoporous nanocrystalline TiO2 layer, at the heart of the system, is sensitised with 
the light absorbing dye molecules. Upon absorption of sunlight, the dye injects an 
electron into the conduction band of TiO2 which is transported to the external load 
via the transparent conducting oxide electrode (TCO). The oxidised dye molecule 
is regenerated by the electrolyte present in the system. Overall, the solar cell keeps 
generating electric power from sunlight without suffering any permanent chemical 
transformation. There are many factors limiting the photovoltaic performance of 
DSSCs, among which, light harvesting efficiency [8, 9] and charge recombination 
at the interfaces [10, 11] are very important. These efficiency determining factors 
depend mainly on the TiO2 layer.
The light harvesting efficiency can be improved by (i) increasing the light 
absorbance which can be achieved by increasing the amount of dye loaded on the 
TiO2 surface [12, 13] and (ii) extending the light absorption to a longer wavelength 
of the solar spectrum. The charge recombination can be reduced by improving the 
electron transport properties at the dye/TiO2/electrolyte interface [14, 15].  To 
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accomplish these goals, a significant amount of research has been directed at
surface modification and doping of TiO2 [16].
Recently, organometal perovskite light absorbers have been used instead of dye in 
DSSC, in order to obtain a broad optical absorption and higher solar-to-electric 
conversion efficiency [17-19]. The interest in the perovskite solar cells (PSC) lies
not only in the higher efficiency but also in the possibility of making simpler
devices. In a simple planar heterojuction architecture, a perovskite layer is 
sandwiched between a hole transport medium (HTM) and a compact TiO2 thin film 
which is coated over the TCO substrate. Upon absorption of sunlight the perovskite 
generates charge carriers, the electron is transported to TiO2 whereas the hole is 
conducted through the perovskite to the HTM layer. The TiO2 compact layer plays 
two major roles (i) it blocks the direct contact between the HTM and TCO, which 
otherwise could lead to charge recombination (ii) it serves as an electron selective 
contact that collects the photo generated electrons from the perovskite layer. So far, 
many methods have been used for the synthesis of this blocking layer but all of 
them involve high temperature sintering which limits the choice of substrate.
Plasma technology is a clean, dry and an environment friendly technology. 
Particularly, cold plasmas have been used to modify solid surfaces because they
can avoid problems associated with the disposal of chemicals used in alternative 
wet processing techniques [20, 21]. The gas is ionized, excited and dissociated in 
the plasma, forming free radicals that can react with the surface to form functional 
groups. The formed functional groups change the surface characteristics.
A uniform flux of energetic particles such as positive ions, neutrals, metastable 
species, electrons and UV photons, are delivered, whose energy and flux can be 
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controlled by adjusting the plasma parameters. The surface is subjected to 
bombardment with energetic particles and reaction with the free radicals, which 
imparts both physical and chemical changes to the plasma treated surfaces. In 
addition, the combination of the physical process with the purely chemical reactions 
yields process rates and surface properties that are hard to attain with either process 
separately [20].
1.2 Research gap and the approaches taken
This research has been focused on exploring the potential use of plasma technology 
in improving the performances of a DSSC and PSC. 
Most of the surface modification techniques used to improve the dye loading in a 
DSSC involve wet chemical methods. In which, TiO2 has been post treated with
titanium tetrachloride [22] or acids [23] to increase the surface functional groups 
thereby increasing the dye uptake.
Some reports have been made on improved performance of DSSC with plasma 
treated TiO2 electrodes [24-26]. However, the presence of Ti3+ surface charge 
states and its effect on the photovoltaic performance of DSSC is still unclear.
Therefore, in our study we treated the TiO2 surface with oxygen plasma to introduce 
oxygen functional groups to increase the amount of dye loading and investigated 
the effect of plasma treatment on the photovoltaic performance of DSSC. In order 
to understand the TiO2 surface interaction with plasma species, we conducted a 
comparative study between a spin coated TiO2 thin film and commercial TiO2
electrode. 
Doping of TiO2 is mainly done to reduce the energy band gap and to improve the 
electron transport properties of TiO2. So far, reports made on using plasma methods 
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for nitrogen doping have reported with creation of only oxygen vacancy sites or a
low amount of doping even at high power. Therefore, in this study, a unique plasma 
plus thermal system [27] was used to dope TiO2 with nitrogen. This system 
combines plasma energy and heat energy to facilitate controllable elemental 
doping. The effect of doping on the energy band gap of TiO2 was also investigated.
In order to extend the choice of the substrates in PSCs, the possibility of depositing
a crystalline TiO2 blocking layer at low temperature was investigated. This study
was conducted with Monash University.
1.3 Thesis structure
A literature review is presented in Chapter 2 that focuses on cold plasma technology
attempts to improve the efficiency of DSSCs and PSCs and the plasma based 
approaches. Research gaps are identified and summarised.
Details of the materials, chemicals and various plasma equipment used throughout 
this study are presented in Chapter 3.
In chapter 4, investigations on modifying the TiO2 surface with an argon and 
oxygen plasma are described. The change in surface functionality (particularly 
hydroxyl functional groups) and surface charge states (presence of Ti3+ states) after 
the plasma treatments are examined by conducting a comparative study between a 
spin coated TiO2 thin film and commercial TiO2 electrodes. The effects of the 
surface modification on the photovoltaic performance of the DSSC are then 
examined through efficiency characterisations and charge transport 
characterisation techniques.
The effectiveness of using a combined plasma + heat treatment for doping TiO2
with nitrogen is presented in Chapter 5. The variation in the density of doped 
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nitrogen upon changing temperature, working gas and treatment time are 
investigated. The change in the energy band gap of TiO2 due to the presence of 
doped nitrogen and Ti3+ states is then examined. 
Details of low temperature synthesis of crystalline TiO2 thin films is presented in 
Chapter 6. The performance of a PSC with varying thickness of such a blocking 
layer is investigated. The effect of the surface plasma treatment of the conductive 
oxide substrate, prior to thin film deposition, on the performance of PSC is also 
presented.
The key results of this work are summarized in Chapter 7, together with suggestions 

















Chapter 2 Literature review 
Gas plasma technology is first briefly introduced. Then the working principle and 
research progress of a dye sensitised solar cell and perovskite solar cell are 
reviewed. Finally, the potentials of using various plasma techniques, like plasma 
functionalisation of TiO2, nitrogen doping of TiO2 and reactive sputtering of TiO2
thin films, in improving the performance of the solar cells is discussed.
2.1 Introduction to plasma
The word plasma is a Greek word meaning something moulded. However, in 
scientific world, the word plasma was first coined by Tonks and Langmuir in 1929 
[28]. It was used as a word to describe a glow discharge. A plasma can be defined 
as a quasi-neutral gas of charged and neutral particles characterised by a collective 
behaviour [29]. The behaviour of a neutral can be described by the kinetic theory 
of gasses, according to which, the motion of the gas molecules is controlled by 
collision among themselves and with the walls of container. In a plasma, the motion 
of plasma can cause local concentrations of positive and negative charges. These 
charge concentrations create columbic field that affect the motion of the charged 
particles. Thus elements of plasma affect each other, giving it the characteristic 
collective behaviour. The concentration of charges in a plasma are confined to 
volumes of small dimensions which is the characteristic dimension of plasma called 
the Debye length. The charge density of ions, is approximately equal to the density 
of electrons making plasma electrically neutral.
A plasma can be obtained by supplying sufficient energy higher than the ionization 
energy to atoms of gas. By the process of excitation, ionisation and dissociation the 
electrically neutral atoms or molecules of the gas get ionised and split into 
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negatively charged electrons and positively charged ions. Plasma can be generated 
by an electrical breakdown of a neutral gas in the presence of an electric field [30,
31]. The nature of the breakdown and the voltage at which it occurs depends on the 
gas species, gas pressure, flow rate, the material and geometry of the electrode, the 
separation distance of the electrodes , the nature of the voltage supply (e.g. dc, ac, 
radiofrequency or microwave) and the actual electrical circuitry . 
2.1.1 Thermal (hot) and non-thermal (cold) plasma
Plasmas can be distinguished as thermal (hot) and non-thermal (cold) plasma, based 
on the translational gas temperature and on the extent of equilibrium among the 
degree of freedom of the species, such as atoms, electrons, molecules and ions. 
Elastic collisions between electrons and neutrals do not effectively transfer the 
kinetic energy because of large mass difference [20]:
ᎄ =  ௠೐ெಹ௠೐ା ெಹ (1)
Where me is mass of the electron and MH is mass of the heavy particle.
In other words, the transfer coefficient is very small. Moreover, the number of 
collisions is reduced due to the pressure. This means that in low pressure systems, 
the electrons, which take the energy from the electric field, are not able to transfer 
it into translational modes of the molecules. At the end, in a cold plasma
௘ܶ ب>  ௧ܶ (2)
Where Te is the electron temperature and Tt is the translation temperature. The 
electron temperature can be thousands of degree high and the translational 
temperature is around room values. Really speaking, the situation is a bit more 
complicated  and the temperatures inside cold plasma can be split as [21, 29]:
7 
 
௘ܶ ب  ௏ܶ >  ோܶ  ൒ ௧ܶ (3)
Where Te and Tt have already been explained and TV and TR are the temperatures of 
vibrational and rotational degrees of freedom.
Relation (1) has the meaning that cold plasma are not in the thermodynamic 
equilibrium. The fact in such system is characterised by a single T [21]
௘ܶ =  ௏ܶ =  ோܶ  = ௧ܶ (4)
The situation changes by increasing the pressure, the ionization also increases (but 
never reaches fully ionization) and the number of collisions becomes very high. 
Although the elastic collisions are not effective the order of magnitude increase of 
their number allows a good transfer of kinetic (translational) energy. At the end, Te
decreases, but since there is thermodynamic equilibrium, rotation is transferred i.e.
௘ܶ =  ௏ܶ =  ோܶ  = ௧ܶ (5)
The range of temperatures now is thousands of degree. The main characteristic of 
the cold and hot plasma are summarised in Table 1. Hence forth, the plasma 
mentioned in this thesis is a cold plasma.
Hot plasma Cold plasma
Electron temperature (Te) = Gas 
temperature (Tg)
High electron density - 1021 – 1026 m-3
The reactive species in the plasma are 
generated by the inelastic collision between 
electrons and the heavy particles.
Te ›› Tg




The heavy particles are heated by the elastic 
collision there by consuming the electrons 
energy
Relatively less elastic collision 
thus the heavy particles are 
slightly heated thus leaving very 
high electron energy
e.g. Core of arc plasma
Where, Te Έ Tp ~ 10,000K
e.g. Glow discharge
Te ~ 10,000 – 100,000 K
Tp ~ 300 – 100 K
Table 2. 1 Main characteristic of hot and cold plasma [32]
This is the reason why we use inert gas plasma, particularly pulsed power input in 
order to establish non-equilibrium plasmas.
The cold plasma can be further classified into: atmospheric pressure plasma and 
low pressure plasma. The three main forms of atmospheric pressure plasma are 
glow discharge, dielectric barrier discharge and corona discharge [32]. In this work, 
low pressure plasma has been used for surface functionalization, doping and thin 
film deposition. The main reason for choosing low pressure plasma over the 
atmospheric pressure plasma is the ease of controllable and reproducible reactions 
on the surface. A typical low pressure plasma system consists of a reaction chamber 
which includes the electrodes, a power supply, a matching network, a vacuum
pumping unit and a gas  system that includes the flow meters and pressure gauges 
[21].
As explained earlier, plasma is a collection of positive, negative and neutral species 
along with UV photons. These species are reactive and play critical roles in plasma 
surface modification. Among all, electrons play the most important role in the 
plasma and are the main contributor to the production of the active species. 
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Electrons are the lightest species in the plasma and so absorb the largest amount of 
energy from the electric field. This energy is then transferred via collisions with the 
gas atoms or  molecules resulting in excitation, ionization and dissociation [33].
Some of the important types of reactions which occur in plasma is summarised in 
Table 2.2 [21].
Reaction Type Reaction name Reaction
Electron 
impact
Excitation e + A                 e + A*
Ionization e + A                2e + A+
Dissociation e + A2 A + A + e   
Dissociative
ionization
e + A2 Aͻ + ͻA+
e + A                A + A+ + 2e
Electron 
attachment
( this is a three 
body collision 
which requires 
a third body for 
the transfer of 
momentum)
e + A               A-
De-excitation A* $KȞ
Recombination A+ + e A* KȞ
Table 2. 2 Some of the possible reactions that may occur in plasma. 
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Where A represents atom or molecule, A*: excited species, Aͻ, A: free radicals, A+
and A-LRQVHHOHFWURQVDQGKȞSKRWRQV
In the plasma bulk there are atoms, molecules, radicals, positive ions and negative 
ions, electrons and photons. Ions and electrons reaching the surface of the solid 
recombines and are lost in plasma, whereas the electrons, with much higher thermal 
velocities reach the surface faster and leave the plasma with a positive charge in 
vicinity of the surface. An electric field is developed near the surface in such a way 
that the electrons are retarded and the ions are accelerated making the net current 
zero. Therefore, the surface achieves a negative potential relative to the plasma. A
potential is developed between the surface abs the bulk of plasma which confined 
to a layer of thickness of several Debye lengths. This layer of positive space charge 
that exista around all surfaces in contact with plasma is called the plasma sheath 
[20]. The thickness of the plasma sheath is related to the Debye length and also 
depends on the mean free path in the plasma. At high pressure, the mean free path 
is of the same order of magnitude as the the thickness of the plasma sheath. At low 
pressure, the mean free path is much greater thean the thickness of the plasma 
sheath.
The situation at the plasma edge, i.e. where there is a surface (e.g. walls, substrate 
either floating or in an electrode), is sufficient. In fact, the electrons hits the surfaces 
and charge it negatively. It is well known fact that the potential of the glow is 
always positive and that the potential of all surfaces is negative [21]. There are two 
important consequences of this situation:
The surfaces are surrounded by a dark space because the electrons are depleted (and 
do not produce excitation of emitting species). In the sheath there is a potential fall 
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(from positive to negative) in a space whose thickness ranges from few nm to 
several ʅm.
Although the plasma can have many negative ions (e.g. when there are 
electronegative species such as F, O, Cl, etc.,) only positive ions bombard the 
surface and the negative species in fact are repelled.
Ion bombardment is always present at plasma edge, of course the extent (the 
energy) depends very much are the architecture of the plasma reactor, the position 
of the sample and the experimental conditions.
Ions from the plasma can break bonds on the surface during the interaction between 
the plasma species and the substrate, which is significant for the surface chemistry 
[34, 35]. Free-radicals can form cross-linked polymeric layers or graft on the 
surface [35, 36]. UV photons emitted by the plasma also have some interactions 
with the surface and contributes to the change in the surface chemistry [37]. The 
reaction between plasma and the surface of an inorganic and organic material can 
be categorised in many different ways [34, 35, 38, 39]. Gas plasma treatment, which 
Fig 2. 1 Structure of the sheath in plasma.
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leads to etching reactions, activation and the production of surface functional 
groups, is generally conducted using non-polymerising gases.
The two main advantages of using cold plasma are [40]:
(i) The high electron temperature helps to realize the reactions that 
require extremely high initiation energy thereby extending the potential of 
using almost all the plasma reactive species including synthesis of rare and 
new products.
(ii) Relatively low gas temperature avoids the thermal dissociation of 
the reaction products thereby minimising the thermal stress on the reactor 
walls and on the treated interfaces.
2.2.2 Cold plasma in surface modifications
Generally, a surface can be modified using mechanical, chemical, thermal and 
plasma techniques [41]. Among these technologies cold plasma treatment has 
gained success due to the following advantages:
(i) Environmental friendly and dry process [42].
(ii) Based on the working gas used, different functional groups can be 
introduced [40].
(iii) Product with novel stoichiometry can be formed [40].
(iv) The process can be controlled by using different parameters like 
working pressure, applied power and treatment time [20].
(v) Versatile in the choice of the material. All most all kinds of materials 
can be modified without altering the bulk properties [21].




When the constituent plasma produced species comes in contact with the surface 
many significant interactions take place that is mostly applied in the material 
processing. The plasma can deliver kinetic energy through the accelerated positive 
ions and excited molecules and potential energy through the source of electrons, 
metastable states, chemical energy through the reactive species produced in plasma, 
free radicals and electromagnetic energy that are produced during the decay of the
electronically excited species. Some of the potential applications of surface plasma 
treatment  are summarised in Table 2.3 [44].
Surface Modification









Interstitial modification Diffusion (bonding)
Implantation (hardening)
Cross linking







Architecturing Crystallographic (lateral diamonds)
Morphologic (scaffolds for biological 
cells)
Table 2. 3 Application of surface plasma treatment. 
2.2 Dye sensitised solar cells
A photovoltaic device is based on the concept of charge separation at an interface 
of two materials of different conduction mechanism. For many years, this field has 
been dominated by solid state p-n junction devices, usually made of silicon [45].
Dye sensitised solar cells (DSSC) differ from the Si solar cells in the way that they 
separate the function of light absorption from charge carrier transport [46, 47]. The 
concept of a dye sensitised solar cell (DSSC) has been derived from green plants
[1]. This device is based on the sensitization of nanocrystalline films by a sensitiser
molecule. In analogy to photosynthesis, the sensitiser molecule’s role is same as 
that of chlorophyll in plants. It absorbs the incident sunlight and injects an electron 
into the conduction band of the titanium dioxide (TiO2).The nanocrystalline TiO2
serves the function of charge collection and conduction [48]. The major advantage 
of this concept of separation of elements that absorb photons and transportation of 
the charge carriers is the fact that the charge conduction mechanism can be based 
on a majority carrier transport which is  contrary to the minority charge carrier 
transport in conventional solar cells. Hence permitting the usage of impure 
materials without requiring any expensive clean room processing Therefore, 
DSSCs have been suggested as one of the promising alternatives to bulk silicon 
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based solar cells with advantages such as low production cost, easy scale up good 
performance under weak light and compatibility with building window glass and 
flexible substrates [9].
2.2.1 Operating principle of a DSSC
The basic components of a DSSC is presented in Fig 2.1 and a schematic 
representation of the operating principle is given in Fig 2.2.
At the heart of the system, the wide band gap semiconductor oxide is placed in 
contact with a redox electrolyte. TiO2 became the semiconductor oxide of choice 
due to multiple advantages such as widely abundant, low cost and non-toxic. The 
surface of the nanocrystalline TiO2 is covered with the charge transfer dye. 
Ruthenium based dye [Ru (4, 4’-dicarboxy-2, 2’-bipyridine ligand)] is the very 
commonly used sensitiser. Finally, triiodide/iodine is the most sought out redox 
couple in the device.
Fig 2. 2 Basic components of a DSSC where TCO is transparent conducting 
oxide coated glass substrate.
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The operating principle with the energy band gap diagram is shown in Fig 2.3 [49].
The first step is the absorption of photons by the dye molecule (D) (Eq. (6)) which 
leads to the excitation of the excited dye (D*) resulting in injection of an electron 
(Eq. (7)) into the conduction band of the semiconductor oxide. This leaves the dye 
in the oxidised state (D+). The injected electrons (e-) flow through the TiO2 network 
and arrives at the back contact and then through the external load to the counter 
electrode (Eq. (8)). These electron reduces the redox electrolyte (I3-) which in turn 
can regenerate the dye molecule (D+) (Eq. (9)). This completes the whole circuit.
'KȞ D* (6)
D* D+ + e- (7)
I3- + 2. e- 3I- (8)
D+ + 3/2I- D + ½ I3- (9)
Fig 2. 3 Principle of operation and energy level schematic of a DSSC. 
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Under illumination, along with the above mentioned reactions there is also a 
possibility of some undesirable reactions that can result in loss in the efficiency. 
Such as, the recombination of the injected electrons with the oxidised dye molecule 
(D+) (Eq. (10)) or with the redox electrolyte (I3- ) (Eq. (11)). These reactions will 
result in the loss of the DSSC efficiency.
D+ + e- D (10)
I3- + 2.e- 3I- (11)
In order to avoid the undesirable reactions that leads to the loss of efficiency, 
optimisation of the compatibility and properties of each of the components is 
required [10]. In particular, the mesoporous nano crystalline TiO2 film plays a vital 
role in determining the efficiency of the DSSC. In the following sections the key 
properties and structure of TiO2 will be discussed in detail.
2.2.2 Effect of TiO2 crystal structure 
The semiconducting oxide film is one of the most important factors in determining
the performance of DSSC [1]. The TiO2 film holds the dye molecules (the light 
harvesters), collects the photo excited electrons from the lowest unoccupied
molecular orbital (LUMO) of the dye molecule, and serves as transport path for the 
electrons to reach the external load. Therefore, the semiconductor oxide should 
possess a high surface area to load a large amount of dye, conduction band energy 
level locating between the LUMO of dye and redox potential of the electrolyte, 
high electron mobility and chemical stability [50]. It has been suggested that  by 




The crystal structure of TiO2 has a profound effect on the performance of DSSC as 
the different phases shows different electrical properties. The three common crystal 
structure of TiO2 are an anatase phase (Band gap Eg ~ 3.2 eV), a rutile phase (Eg ~ 3
eV) and a brookite phase (Eg ~ 3 eV) [52-54]. Although the rutile phase is 
considered to be thermodynamically stable and with a band gap that is suitable for 
the absorption of wider solar spectrum, it is not widely used in the DSSC. One of 
the main reason is the meta stable anatase TiO2 can be formed in nano scale regime 
and it is beneficial from the standpoint of increased surface area [55]. In addition, 
the anatase TiO2 is highly electrically conductive when compared to the other 
phases [56-58]. From the previous studies on the effect of the crystal phase of TiO2
on the photovoltaic performance of DSSC, it has been found that the anatase 
nanoparticle has a larger dye loading capability and a higher electron diffusion 
coefficient than the rutile phase [57-59]. Moreover, the conduction band edge of 
the anatase phase is 0.1 eV higher than that of the rutile phase, thereby giving the 
maximum open VOC. Therefore, anatase phase of TiO2 best suits the requirement of  
a photo anode  for DSSC [9].
One more important parameter is the surface roughness of the nano particle TiO2
thin film. The high surface roughness of the nano particle film inhibits the 
recombination loss. The reason is that after the photon excitation of the dye 
molecules, it takes only picoseconds for the electrons and holes to travel to the 
opposite sides of the solid liquid interface [43]. Whereas, it takes micro to milli 
seconds for the photo excited electrons to combine either with the oxidised dye or 
the electrolyte [45]. As summarised, the crystal structure and the surface roughness 
of TiO2 has a profound effect on the photovoltaic performance of the solar cell.
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2.2.3 Effect of surface functional groups on TiO2
The photo physical processes that occur at the TiO2/dye interface can directly affect 
the device performance. In addition, many detrimental side effects, such as 
recombination of charge carriers at internal surfaces or back electron transfer to the 
electrolyte species, both of which can result in reduction in open- circuit voltage, 
are also a direct result of interfacial phenomena [60]. Therefore, a firm 
understanding of both the physical and chemical characteristics of this interface is 
essential to improve the device performance. 
It is important to understand the type of anchoring between the sensitiser molecules 
and TiO2 surface because of the fact that the bonding mechanism and electronic 
coupling between semiconductor and dye directly impacts electron transfer and the 
performance of the photo anode [47, 61]. It has been reported that the N719 dye is 
adsorbed to the titania surface through the carboxylic acid groups that are on the
peripheral ligands of the dye molecule (as shown in Fig 2.4) [62].
Fig 2. 4 Molecular structure of the ruthenium bipyridyl complex, N719 dye.
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Both the carboxylic acid and the carboxylate groups can coordinate to the TiO2
surface in a variety of ways. Nazeerudin [63], Shklover [64] and Perez-Leon [65]
have suggested that the dye molecule is chemisorbed on the surface of TiO2 
through the two carboxylic groups, while Lee [66] have reported a combination of 
bidenate bridging and hydrogen bonding. Fillinger and Parkinson [67] have 
proposed a two-step adsorption process, initially using a single carboxylate group 
and subsequently using two or more. Furthermore, many new light sensitisers have 
been developed that have a different number of carboxylic groups [68-70].
Given that the dye adsorption event is directly dependent upon the specific surface 
chemistry at the TiO2/dye interface, numerous attempts have been made to modify 
the interface before dye adsorption using a variety of surface treatments. These 
include exposure to plasma [25, 26, 71] , UV-Ozone treatments [72, 73] and/or 
modification with TiCl4 [10, 74, 75], HNO3 [23] and ZnO [76].
It has been reported that post treatment of nano crystalline TiO2 film with titanium 
tetra chloride (TiCl4) has improved the performance of the solar cells [13, 75, 77].
The post treatment resulted in about 10 – 30% increase of incident photon to
electron conversion efficiency (IPCE) and short circuit current (Jsc) relative to the 
untreated films. The IPCE of a DSSC can be influenced by factors such as light 
harvesting efficiency (LHE) of the dyed TiO2HOHFWURQLQMHFWLRQHIILFLHQF\܏inj) of 
the photo excited dye into the TiO2 network and the charge collection efficiency 
܏CC). LHE is affected by the surface area of TiO2 film, dye loading and light 
scattering effects whereas dye loading is dependent on the number of specific 
binding sites on the surface of TiO2. The ratio of charge transport through TiO2
QHWZRUNDQGFKDUJHUHFRPELQDWLRQLVUHODWHGWR܏CC. It was observed that TiCl4 post-
treatment resulted in decreased BET surface area due to the TiO2 particle growth. 
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Despite causing a decrease in the BET surface area, the post treated electrodes 
observed more dye. It was due to the increase in specific binding sites. In addition, 
a positive shift in the conduction band edge of TiO2 was also observed [74].
Moreover, it has been demonstrated that the overcoat increased the physical 
separation of injected electrons and oxidised dyes/redox couple. This have resulted 
in the recombination losses. Consequently, the reduction in the recombination rate 
will built up a higher charge density in the TiO2 which will result in increased 
photocurrent [78].
There has also been extensive research on treating of  TiO2 with several kinds of 
acids [79, 80]. The benefits of the acid treatment were reported as (i) increase in 
the dye adsorption due to the protonation of the TiO2 surface (ii) Anions such as 
NO3- present in the acid increases the electron lifetime via an adsorption process.
In addition, there has been reports on coating of the TiO2 nanoparticle with a 
heterogeneous oxide layer such as CaCO3 [81, 82], WO3 [83], ZnO [76], Al2O3[84]
and BaTiO3[85]. The effects of the surface coated TiO2 are (i) Increased isoelectric 
point and improved surface insulating property and in some cases (ii) increased 
surface area. The increased isoelectric point can increase the amount of the 
adsorbed dye thereby leading to increased photocurrent. In some cases like coating 
with the CaCO3 layer, the back electron transfer is regarded which have resulted in 
increased VOC [81, 82].
It has been demonstrated the N719 dye preferentially adsorbs on the OH sites and 
intentional creation of surface hydroxyl groups can effectively increase the amount 
of dye loading subsequently increasing the short circuit current.
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2.2.4 Presence of surface charge states and its effect on photovoltaic 
performance 
A DSSC is a rather complicated device which contains both organic and inorganic 
materials. Moreover, there are several kinds of interfaces like solid/liquid, liquid/ 
liquid and organic/inorganic interfaces [86]. It is very difficult to understand the 
electron transport mechanism through these interfaces [87, 88]. Generally, a DSSC 
is composed of a 10 micron thick nano crystalline mesoporous TiO2 which contains 
many grain boundaries, surface states and lattice defects [89, 90]. These factors 
makes it difficult to study the device physics [91]. The photo injected electrons 
diffuse through the TiO2 network to the collection electrode. This occurs through a 
diffusion mechanism because of the absence of macroscopic electric field in nano 
scale. In order to get the maximum photo current, the diffusion of the electrons have 
to compete with the recombination with I3- ions in the electrolyte [91]. Owing to 
the thickness of the film, the electrons have to diffuse through a path before it 
reached the external load. Hence leading to high recombination losses in the solar 
cell [92]. Several efforts have been made to reduce this back electron transfer by 
surface modification which includes the modification of the chemical sates of TiO2.
A number of research groups have inferred to the presence of intrinsic surface states 
in the TiO2 photo anode and its influence on the photo conversion process [47, 93-
95]. Generally, it is accepted that the presence of the surface states is not always 
bad [92].
So far, different methods have been employed to generate Ti3+ states such as UV 
irradiation [96, 97], annealing [98-102], particle (electron, neutron and Ȗ-ray) 
bombardment [103, 104] and plasma treatment. Ti4+ ions can be reduced to Ti3+ in 
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two ways: (i) by irradiating TiO2 with a photo electron .The Ti4+ receives the photo 
electron and generates electron hole pair. The electron reduces Ti4+ to Ti3+ whereas 
the hole oxidises the O2- anions O- or even forms the oxygen gas [105]. The 
formation mechanism is as follows:
TiO2 KȖ e- +   h+ (12)
e- + Ti4+ Ti3+ (13)
h + O2- O- (14)
4h + 2O2- O2 (15)
By losing an oxygen atom Ti4+ get reduced to Ti3+. This is generally done by 
vacuum annealing or sintering under the reducing atmosphere (H2, CO) or by 
electron beam, neutron or gamma ray bombardment. In this process Ti4+ receives 
an electron from the reducing gases or it losses some of the lattice oxygen atoms 
due to the formation of  H2O [106].
In either ways, when a Ti4+ ion is changed in to Ti3+ ion the local electrostatic 
balance is broken. A TiO2 crystal consists of Ti4+O22- , when an oxygen atom is lost 
the two electrons of O2- ion changes two Ti4+ to Ti3+. These Ti3+ ions are considered 
to be strongly polarised and it can also be described as two Ti4+ ions and two 
additional electrons [107] . The Ti3+ can induce oxygen vacancy states between the 
valence band and conduction band which results in a self-doped TiO2 which is 




It has been shown that the surface chemistry of stoichiometric TiO2 differs 
markedly with the presence of Ti3+ states. Hence, many surface reactions are 
influenced by the presence of these states.  
It has been reported that the Ti3+ species induce oxygen vacancy states between the 
valence and conduction bands, which would make it act like a self-doped material 
[109]. There is a possibility that these inter band gap states can act as electron trap 
states but it has also been suggested that their presence may also increase the photo 
injection efficiency of the dye thereby decreasing the back electron transfer rate 
[110-112]. The reasons is, in a DSSC the charge transport is based on the majority 
carriers so trapping of electrons does not necessarily increase the recombination 
rate but it can reduce it substantially. 
Some studies have been made to find the relation between the properties of Ti3+
state with the device performance. It has been proposed that the oxygen vacancy 
on TiO2 surface can stabilise dye adsorption [113] . Consequently, a strong bond 
between the TiO2 and the dye is being established which promote charge injection. 
The presence of the Ti3+ states leads to a positive shift of the TiO2 bands, thereby 
enhancing the dye photo injection [97] . While promoting more efficient photo 
injection from the dye the mobility of the photo injected electrons is increased and 
thereby the negative band edge motion of TiO2 is prevented [114].
Conversely, there are several reports explaining the adverse effects of having this 
charge sates on the surface of TiO2. It has been argued that when the oxygen 
vacancy is present on the surface of TiO2, it has an influence on the reactions 
between the photo generated electron and the redox couple. Its presence can serve 
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as recombination centres and pathways for electron back transfer [115, 116].
However, the actual effect is a more subtle and complex. 
2.2.5 Effect of doping TiO2 with nitrogen 
Many methods have been attempted for improving the efficiency of DSSC 
including doping of TiO2 with (i) metal [117-120] or (ii) non-metal [121-123]
dopants. Doping TiO2 with nitrogen is by far the one most employed in DSSC [121,
123-125]. Synthesis of the photo N doped TiO2 was first pioneered in  photo 
catalytic experiments [126] but slowly it made its way into DSSC applications. So 
far, various methods have been reported for doping of TiO2 with N which can 
generally be classified into (i) wet chemical methods such as sol-gel and solvo 
thermal methods [127-129] (ii) physical methods that includes sintering of TiO2 at 
high temperature under a nitrogen containing atmosphere[126, 130] and /or 
sputtering and ion implantation techniques [122, 131].  A list of different methods 
to prepare N-TiO2 is given in Table 2.2. 





Sputtering Sputtering TiO2 target in N2/Ar mixture [126]
Magnetron sputtering by sputtering Ti 






Pure TiO2 nano powders have been 
VLQWHUHGDWÛ&IRUKLQ12 and NH3




Commercial TiO2 powders have been 
VLQWHUHG DW  Û& IRU  K LQ WKH 12
atmosphere.
[121]
Single crystal TiO2 substrate have been 
KHDWHGDWÛ&LQ1+3 gas for 5 h.
[134]
Plasma 
treatments             
Commercial TiO2 powder have been 
treated with N2 SODVPDDWÛ&
[135]
TiO2 powder (P25) have been treated 
with H2 plasma followed by N2 plasma ( 
dielectric barrier discharge)
[136]
TiO2 thin film has been treated with Ar 
and N2 plasma.
[137]
Polycrystalline TiO2 thin films have 
been treated with N2 + H2 plasma 
WUHDWPHQWDQGWKHQDQQHDOHGDWÛ&
in N2 atmosphere for 2 h.
[138]
Table 2. 4 Various methods to synthesise N-TiO2 
 
The performance of DSSC using nitrogen doped TiO2 have been extensively 
studied. It has been suggested that N doping of TiO2 has considerable effect on the 
band gap bandgap alteration [126, 127, 139]. Mainly, three different mechanisms 
have been proposed for the energy band gap modification of N-TiO2 (and the energy 




Band gap narrowing : It has been suggested that the N2p state hybrids with the O 
2p states of the anatase TiO2 because their energies are so close the band gap of 
TiO2 is narrowed there extending the response of TiO2 in the visible spectrum [126].
Oxygen vacancies: It has been pointed  that the oxygen deficient sites were formed 
in the TiO2 grain boundaries due to N doping .These vacant sites were considered 
responsible for the visible light activity and some of the nitrogen have been found 
to be doped in the parts of the oxygen deficient sites [140].
Impurity energy levels: It has been stated that the substitution of nitrogen atoms in 
the place of oxygen sites in TiO2 leads to the formation of isolated impurity energy 
levels above the valence band. The electrons both in the valence band and the 
impurity levels can be excited by irradiating UV light but the electrons in the 
impurity level are excited only by the visible light [130].
One other modification mechanism have also been proposed based on the type of 
nitrogen doping. It has been proposed that the substitutionally doped nitrogen forms 
shallow acceptor sites above the valence band while the interstitially doped 




It has been demonstrated that the appearance of the impurity energy levels near the 
valence band of TiO2 because of nitrogen doping might lead to visible light 
absorption [133].  Although the intermediate energy sates introduced by N can also 
act as recombination centres for the photo generated charge carriers, the photo-
electrochemical properties of the N doped electrodes have clearly indicated 
additional photocurrent generation in the visible spectrum compared to un doped 
electrodes [142].
DSSC with N doped TiO2 showed a superior efficiency (8%) with great stability, 
relative to that of the commercial TiO2 power (P25) [121]. Tian suggested that the 
N doped TiO2 could successfully retard charge recombination reaction at the 
TiO2/electrolyte interface due to the introduction of O-Ti-N in the TiO2 electrode 
[122]. Lindquist et al demonstrated that N-TiO2 films prepared by reactive DC 
magnetron sputtering displayed an enhanced IPCE, particularly in the visible 
wavelength, compared to that of undoped TiO2 film [133]. A high conversion 
efficiency was achieved with N doped TiO2 electrodes and the increase in the 
efficiency was attributed to fast electron transport and short electron lifetime [132].




Therefore, some of the advantages of having a nitrogen doped TiO2 electrode, as 
reported in the literature can be summarised as  : introduction of additional states 
near the valence band of TiO2 leading to visible light absorption [133] , improved 
incident photo to electron conversion efficiency in the visible (400 -500 nm) region 
[125] , increased dye uptake due to the increased surface area [121] subsequently 
leading to an increased photocurrent [124], enhanced charge transfer properties due 
to the extra path ways introduced by the nitrogen atoms [143] and reduction of the 
trap cites due to substitution of oxygen by nitrogen [124].
2.3 Perovskite solar cells
DSSC cell architecture has been an attractive candidate for achieving cost effective, 
easily processable and efficient solar cells for the past few decades [144, 145]. In 
order to improve the efficiency, the volatile liquid electrolyte was replaced with a 
solid hole transport material [146]. However, the efficiency of DSSC with 
inorganic sensitisers and organic hole conductors remained low. But in the late 
2012, a relatively less known organo metal halide perovskite was used as a 
sensitiser in an all solid state DSSC that yielded efficiencies about 10% [17, 147].
Since then there has been a steady progress and efficiencies of up to 15 % have 
been achieved [148]. There have been reports that explains how the efficiency has 
raised from the perspective of material design to device architecture. Each report 
stands on its own where the crucial details have been discussed such as the 
properties of perovskite, the perovskite based solar cell components, the different 
device configuration, the properties of absorber, charge separation and
transportation properties. A summary of the development of the perovskite solar 
cells is discussed in this section.
30 
 
2.3.1 Properties of a perovskite
All the new excitement in the solar cell research has been caused by an organic-
inorganic lead halide with a perovskite crystal structure. The structure of  methyl 
ammonium lead halide (CH3NH3PbI3) perovskite is shown in Fig 2.5 [149]. These 
materials are hybrid layered materials typically with an AMX3 structures, with A 
being a large cation (e.g. CH3NH3), M a smaller metal cation (e.g. Pb) and X a 
halide anion (e.g. I). They form an octahedral structures that are connected in the 
corners [150-152]. These perovskite materials have unique optical properties [153],
excitonic properties [154] and electrical conductivity [155] which have made them 
suitable for using as light sensitisers in the solar cells.
Fig 2. 6 Structure of methyl ammonium lead halide (CH3NH3PbI3).
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2.3.2 Progress in perovskite solar cells 
It all started with  a report in 2009 , where an organic-inorganic lead halide 
perovskite was used as a quantum dot light absorbing material in a liquid electrolyte 
configuration DSSC [156]. The efficiency of the DSSC with perovskite bromide 
and perovskite iodide were 3.1 and 3.8% respectively. The former yielded a higher 
photo voltage whereas the later yielded a higher photo current. The high photo 
voltage was associated with the higher conduction band of the bromide compared 
with that of the iodide. The efficiencies were much lower than the theoretically 
expected values which was due to non-optimised conditions. Following this, the 
efficiency was doubled using CH3NH3PbI3 and iodide as redox electrolyte [157].
The band gap energy of CH3NH3PbI3 was measure to be 1.5 eV and a two fold 
increase in the performance was noticed for the solar cell sensitised with 
CH3NH3PbI3 when compared with N719 sensitised DSSC. The improved 
performance was mainly attributed to a higher photocurrent density which was in 
turn associated with the higher absorption coefficient of the perovskite [149].
However, the perovskite sensitised liquid electrolyte DSSC had a major drawback 
of cell instability [147]. The cell rapidly deteriorated due to the dissolution of the 
halides in the redox couple. Therefore, protection of the perovskite halide layer was 
essential to increase the life time of the cell. As a result, the liquid electrolyte was 
replaced with a hole conducting polymer (spiro-MeOTAD) thus forming an all 
solid state perovskite solar cells. It has been suggested that the energy levels of 




A similar photovoltaic action was observed when the n-type TiO2 layer was 
replaced by an insulating Al2O3 layer and an efficiency of 10.9%  was achieved 
[17]. The Al2O3, a wide band gap (7 to 9 eV) material was simply used as a scaffold 
upon which the device was structured. In an alumina based device the perovskite 
(CH3NH3PbCl3) layer was able to function as both a photon absorber and an n-type 
layer transporting electrons to the TiO2 coated FTO electrode. In fact, it was 
suggested that the perovskite layer transported electrons faster than the mesoporous 
TiO2 in a perovskite solar cell [17]. By composing an alloy of CH3NH3PbI3 and 
CH3NH3PbBr3 the band gap of the perovskite were tailored in order to extend its 
response in the entire visible region. The alloy was prepared by managing the 
chemicals in Ch3NH3Pb (I1-xBrx). Band gap tuning of perovskite consequently 
enabled a solar energy conversion efficiency as high as 12.3% [18].
2.3.4. Device architecture
One other major advantage of the perovskite solar cells, apart from rendering a high 
efficiency, is the possibility of having simple cell configuration. The perovskites 
were implemented as a sensitiser in dye sensitised solar cells based on mesoporous 
structures. An important alteration to this architecture was done by replacing the 
mesoporous TiO2 by an insulating Al2O3 layer which yielded 10.9% efficiency 
[19]. In this architecture (Fig 2.6), first, a TCO layer is deposited on a mechanical 
a substrate. Then a TiO2 blocking layer is deposited on TCO, the high surface 
roughness of TCO layer provides a strong adhesion with the TiO2 film. The role of 
the blocking layer is to protect the direct contact between TCO and HTM. Over the 
compact layer, mesoporous TiO2 or aluminium oxide Al2O3 layer is deposited. 
Subsequently, followed by sintering at 500 -Û&WRJHWDPHVoporous film. The 




coated with HTM via spin coating. Finally, for the counter electrode, an Au film is 
deposited over HTM layer.
It was found that regardless of the mesoporous layer, a compact TiO2 layer was 
required for both charge collection and hole blocking. From this architecture it was 
clear that the perovskite can as both light absorber. It was also demonstrated that in 
a plain architecture, analogous to classical thin film architecture photocurrent 
densities close to 15 mA/cm2 was achievable [158]. This lead to the development 
of planar heterojuction architecture [19, 159, 160]. The purpose of developing a 
planar heterojuction architecture (device architecture presented in Fig 2.7) was to 
understand the underlying device mechanism and to optimise the same. Here, the 
compact TiO2 layer is deposited on TCO followed by deposition of the perovskite 
layer via  vapour deposition [159] vapour assisted solution process [161]. The HTM 
layer and the Au layer is deposited respectively over the perovskite film. In this 




construction, formation of the perovskite thin film is a crucial part as in any thin 
film PV technologies.
2.3.5 Role of TiO2 blocking layer
Regardless of the device architecture, a compact TiO2 layer is required to collect 
the generated electrons and also for hole blocking. Generally, in a solid state DSSC 
solar cell, a blocking layer is added in order to avoid the direct contact between the 
FTO and the nano crystalline TiO2 layer. It has been proved that introduction of 
such layers can enhance the current output by three to four orders of magnitude.
It is well known that the charge recombination is prominently responsible for the 
low photovoltaic performance of solid state solar cells [162, 163]. In the solid state 
solar cells, the HTM and FTO electrode forms an ohmic contact, which means the 
photo generated charge carriers can recombine at this interface. This recombination 
can be reduced by the introduction of a compact TiO2 layer between FTO and 
perovskite layer. This can reduce the area of contact between FTO and HTM, which 
can supress the backward electron transport from FTO to HTM [164].
Fig 2. 8 Device architecture of a planar heterojuction perovskite solar cells.
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In a heterojunction architecture of PSC, this blocking layer also plays a very 
important role of collecting the electrons from the phot excited perovskite. It has 
been reported that the perovskite acts not only as a sensitiser but also as a n-type 
material and p- type transporting material in the system [158, 165]. Recently, Roiati 
et al. [166, 167], suggested that the presence of two n-type layers i.e. TiO2 and 
perovskite, in the system can generate alternative path way for the electron 
transport. 
A compact TiO2 layer can be prepared by different methods such as spray pyrolysis 
[168], electron beam evaporation [169], chemical vapour deposition [170, 171],
aerosol pyrolysis [172, 173] and physical vapour deposition [174]. Peng et al. [175]
demonstrated the use of  chemical vapour deposited TiO2 as a blocking layer and 
found an improvement in the charge separation and power conversion efficiency of 
the solar cell. Kavan et al. [172] have used a compact layer that was prepared by 
aerosol pyrolysis method in a sole state DSSC.  
The thickness and morphology of the blocking layer has an influence on the 
photovoltaic performance of the cell. If the blocking layer is too thick then the fill 
factor and charge collection may be lowered due to the increased resistance [149].
However, it was found that the optimal thickness of the blocking layer varied with 
the preparation method. It has been proposed that the optimal thickness for the 
blocking layer prepared by spray pyrolysis is 120 -160 nm [176] and by spin 
coating method is 80-100 nm [160] [147]. A thinner blocking layer (40 – 70 nm) 
was prepared by mixing a diblock polymer with titanium isopropoxide [163].
Recently, it has been found that improving the coverage of the perovskite film 
yielded a better efficiency [160].The perovskite film coverage, to some extent, can 
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be controlled by the thickness of the underlying blocking layer. Almost 100% 
coverage of the perovskite layer has been achieved by increasing the thickness of 
the blocking layer [160]. However, as explained before, the thicker blocking layer 
lowered the device performance due to a drop in Jsc and Voc. A purely speculative 
theory has been proposed, that a thicker compact film was able to deliver more 
electronic charge to the perovskite film helping the formation of the film on the 
surface [160].Therefore, this particular area seeks more investigation.
2.4 Plasma technology for surface modification and doping of TiO2
2.4.1 Surface modification of TiO2 using plasma
Several studies have been made on surface plasma treatment of TiO2 using various 
gases like O2 [177] [25] [178] and N2 [179] for reducing the oxygen vacancies, 
increasing the dye absorption and to improve the photovoltaic performance of 
DSSC. The TiO2 electrode was treated with O2 plasma to improve the contact 
between the TiO2 and the dye molecule and there by improve the electron take over 
by reducing the oxygen vacancies. The O2 plasma treated TiO2 electrode had an 
enhanced light harvesting ability. Due to the improved contact between TiO2 and 
the dye molecule,  most of the protons from the anchoring group was transferred to 
TiO2 [177] thereby moving the fermi level of TiO2 in the positive direction.
Han et al. [180] reported that TiO2 treated with argon plasma can show better 
reactivity. They reported that the argon plasma treated TiO2 had better optical and 
electron reactive activity because of the increased surface area ratio and 
microstructural change caused by the argon plasma treatment. In a separate study, 
Han et al. [181] investigated  the effect of argon, N2 and O2 plasma treatment on 
the hydrophilic properties of TiO2. A 1 min plasma treatment resulted in marked 
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decrease in the water contact angle ( from 66ȗ for untreated samples to about 8ȗ for 
Ar plasma and N plasma treated samples) indicating the increased hydrophilic 
nature of the plasma treated surface. They found that argon plasma treatment of 
TiO2 introduced oxygen vacancy states whereas oxygen and N2 plasma treatment 
resulted in surface functionalisation which remarkably increased the hydrophilic 
property of TiO2. The concluded that the oxygen atoms and the activated species in 
the plasma have improved the hydrophilic property.
Argon plasma have been used in several other studies to significantly decrease the 
carbon incorporation in TiO2 sol-gel films, thereby producing a less contaminant 
surface with increased hydrophilicity [182, 183]. They thought that argon ion 
bombardment could increase the proportion of Ti3+ at the surface because of the 
high energy ions breaking the Ti-O bonds.
The influence of plasma treatment and creation of super hydrophilic natured TiO2
thin films have been reported [184]. Jung et al. [185] used radio frequency and 
micro wave oxygen plasma to offer higher mechanical durability to hydrophilic 
TiO2 thin films. They noticed the change in the property of TiO2 from hydrophilic 
to super hydrophilic. The oxygen radicals in the plasma interacted with the surface 
of TiO2 and increased the hydrophilic functional groups and also formed non-
stoichiometric TiOX and used the modified TiO2 films for photo catalytic 
applications.
A RF oxygen plasma was used by Pulsipher et al. [186] to decrease the surface trap 
states and to increase the surface hydrophilic nature by functionalisation. They used 
a inductively couple RF plasma and noticed significant incorporation  of Si in TiO2
network when the sample was placed directly in the coil region and they suggested 
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plasma etching as one of the reasons. Use of low duty cycle in the pulsed plasma 
reduced this damage caused by the high plasma powers. Zhang et al. [178] studied 
the effect of oxygen plasma induced hydrophilicity of TiO2 thin films. They found 
that with suitable parameters oxygen plasma can induce highly stable 
hydrophilicity in the reactively sputtered TiO2. Moshfegh et al. [187] reported the 
stability of the hydrophilic nature of the co-sputtered SiO2/TiO2 thin films . It has 
been reported that the electrons, ions, radicals and neutral molecules interact with 
the surfaces that can could cause physical and chemical changes [188]. Suzuki et 
al. [189]have used argon plasma to induce visible light photo-catalytic activity of 
TiO2 thin films. Jung et al. [190] observed good hydrophilicity in TiO2 thin films 
that were treated with microwave and RF plasma for 5 min with 50- 200 W plasma 
power. Wang et al. [191] treated TiO2 thin films with oxygen plasma for 30 min 
and found that the hydrophilicity was better than that induced by argon and nitrogen 
plasma.
Recently, Wu et al. [192] have used oxygen plasma treatment to decrease the 
oxygen vacancy sites that were created during the annealing of TiO2 films. They
argued that argon plasma can enhance the reactivity of the surface whereas oxygen 
plasma can decrease the oxygen vacancy and create hydrophilic surface to facilitate 
dye absorption. In their study, the efficiency of the solar cells was improved from 
3.93% for solar cells with untreated electrode to 5.91% to that with treated 
electrode. They argued that the reason was due oxygen plasma treatment that 
increased dye absorption, decreased trap sited thereby leading to increase in the 
efficiency. Oxygen plasma treatment have been proved to be an efficient method 
to improve the hydrophilic nature of the TiO2 surface [25, 178].
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Kim et al. [193] demonstrated that treating TiO2 with oxygen plasma can reduce 
oxygen vacancies on the surface, increase the amount of dye loading and improve 
the photovoltaic performance of DSSC. Several reports have been made on 
reducing the oxygen vacancies on TiO2 by oxygen plasma treatment [98, 116]. Gan 
et al. [194] suggested that treating TiO2 films with argon and oxygen plasma is a 
feasible way to increase the photovoltaic performance of DSSC. They 
demonstrated that the surface plasma treatment can ensure the surface cleanliness 
and stoichiometry of TiO2.
Park et al. [25] studied the effect of RF plasma treatment of nano structure TiO2 to 
enhance the efficiency of DSSC. They found that plasma treated TiO2 at optimum 
condition could increase efficiency by 40 % relative to untreated TiO2. Sung et al. 
[195] conducted a study on surface treatment of sputter deposited TiO2 thin film by 
a reactive RF plasma. They reported that the DSSC with plasma treated electrode 
exhibited 2.25% efficiency. They believe that the optimization between the specific 
area and photo current density of TiO2 thin films by the surface treatment was the 
reason for the improved performance and argued that the surface properties of the 
TiO2 had a significant effect on the performance of DSSC.
A quantitative analysis have showed that the proportion of the hydroxyl functional 
group increased by surface oxygen plasma treatment. Oxygen plasma treatment 
have also been used to induce morphological change on the TiO2 nano particles  
[24]. It was observed that the plasma treated TiO2 particles possessed higher surface 
area and smaller pore size when compared with that of the annealed nano particles. 
The increased surface area of the plasma treated nano particles resulted in faster 
charge transfer, less back electron transfer and consequently higher current density. 
As discussed in the 2.1.4.1, various chemical treatments has increased the extent of 
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dye uptake by the TiO2 films which was due to the increased interaction between 
the surface hydroxyl groups and the dye molecule.
The surface plasma treatment have also lead to the alteration of the surface charge 
state resulting in an increase in the photo current density of the device. After oxygen 
plasma treatment the proportion of Ti3+ have increased, where by the transport of 
electrons between the excited dye molecule and TiO2 has been improved. On the 
contrary, it has also been reported that the presence of the Ti3+ surface state has a 
detrimental effect on the photovoltaic performance of the device [196].
On the other direction,  the surface plasma treatment have also been used to 
synthesises clean and stoichiometric TiO2 [194, 197]. By exposing to an oxygen 
plasma the oxygen vacancy state has been reduced on the surface. By which, an 
increased photocurrent density was reported.
2.4.2 Nitrogen doping using plasma
Other than surface modification, several attempts have been made on N doping of 
TiO2 using plasma techniques [135-137, 179, 198, 199]. Other than chemical 
method heating TiO2 powders in N2 and /or NH3 at elevated temperature is one of 
the approach to prepare N-doped TiO2, but this high temperature treatment can give 
rise to particle agglomeration and disturb the pore structure [126, 130]. Therefore, 
a strategy of using nitrogen containing plasma has been introduced. As explained 
in the previous session, the plasma is composed of atoms, ions, electrons and UV 
photons which are way more chemically reactive than their molecular precursors. 
But most of the studies were based on the photo catalytic reaction of 
Huang et al. [135] used a thermal nitrogen plasma surface treatment to induce 
oxygen vacancy in TiO2. They used a very high power of 400 W to treat the sample 
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in a stainless steel chamber. They found only the Ti3+ states after 120 min and 
argued that the production of this oxygen vacancy was responsible for visible light 
absorption in the plasma treated TiO2. Yamada et al. [200] treated the TiO2 surface 
with argon and nitrogen plasma in series for preparing nitrogen doped TiO2. They 
used a cathodic magnetron plasma treatment. They argued that substitutional N-
doping takes place at the initial sage whereas interstitial one takes place during 
prolonged plasma treating time. From the XPS they confirmed the presence of Ti-
N bond and estimated the depth of doping to be 70 nm with a RF power of 400 W. 
However, the amount of doping was not mentioned. In an another study, Yamada 
et al. [201] investigated the thermal stability of the plasma doped nitrogen in TiO2. 
They found that the doped nitrogen species were replaced by oxygen atoms during 
heat treatment in air causing reduction in the visible light activity of nitrogen doped 
TiO2.
In many reports, it was found that not along with doped nitrogen (Ti-N ) bond many 
molecular nitrogen species are also formed while using a N2 plasma [200, 201]. Hu 
et al. [136] investigated the possibility of preparing nitrogen doped TiO2 via a 
reduction nitridation procedure by non-thermal plasma treatment. They treated the 
surface of TiO2 with hydrogen plasma followed by nitrogen plasma. They found 
that the so called reduction-nitridation procedure led to formation of substitutional 
nitrogen doping and the highest concentration of 1.8% was reported. 
A visible light responsive N-TiO2 was prepared by using a non-thermal plasma 
treatment [130]. A reduction nitration procedure was used to dope N into 
commercial TiO2 powder i.e. P25. First, a H2 plasma was used for the reduction 
effect in which some of the oxygen atoms gets removed leaving an oxygen vacancy 
site. In the second step, a N2 plasma was used to efficiently dope nitrogen into the 
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TiO2 lattice. It was suggested that at the initial stage of the plasma treatment 
substitutional N-doping takes place whereas the N-N and N-O are formed only at 
prolonged treatment time. Nitrogen doped  TiO2 nano tube arrays were prepared by 
electrochemical method followed by a N2 plasma treatment and subsequent 
annealing in Ar atmosphere [202]. It was found that the incorporation of N into 
TiO2 lattice lead to the formation of rutile phased TiO2 at low annealing 
temperatures.
Trejo-Tzab et al. [138, 198] prepared a copper-nitrogen co doped TiO2 using a 
nitrogen plasma treatment. They used AC current to generate plasma. They 
confirmed the presence of doped nitrogen by the presence of N1s peak around 396 
eV in the XPS spectra. However, the amount of doping was not mentioned. Miao 
et al. [203] investigated the structural and compositional characters of N2-H2
plasma surface treated TiO2 thin films. They proved that N2-H2 surface treatment 
was effective way for improving the optical response of TiO2 thin film. They 
observed the decrease in the band gap pf plasma treated TiO2 was due to 
substitution of nitrogen in TiO2.
On other direction, atmospheric pressure plasma have also been used for nitrogen 
doping of TiO2. Chen et al. [204] used an atmospheric pressure plasma to synthesise 
nitrogen doped TiO2 nano particles. The concluded that Ti-NO and OX-Ti-NY are 
the most significant structures of the nitrogen doped TiO2 for nitrogen plasma 
whereas Ti-(NO2) were formed when both oxygen and nitrogen were used. 
Presence of this structure was found to have a negative effect on the visible light 
photo catalysis. Sharma et al. [205] showed the use of  a low pressure nitrogen 
plasma to alter the photo-electrochemical efficiency of TiO2 photo anodes. They 
treated TiO2 nano tube arrays with nitrogen plasma. They found that the nitrogen 
43 
 
plasma treatment induced oxygen vacancy states but the presence of nitrogen was 
not reported here.
2.5 Reactive DC magnetron sputtering of TiO2 thin films
Reactive sputtering of thin films has been intensely studied because it makes it 
possible to form compound films such as nitrides, oxides, carbides or their 
combinations by use of a reactive gas while sputtering from a metallic target. 
Reactive sputtering can be done in metallic mode, transition mode and reactive 
mode according to the reactive gas used. The main advantage of reactive magnetron 
sputtering is that it provides more control over the physical and chemical properties 
of the deposited thin film [206-208], the magnetron sputtering outperforms films 
made by deposition of physical vapor process. Physical properties of the deposited 
thin film mainly depends on the deposition parameters like the chamber pressure, 
substrate temperature, substrate bias voltage and sputter power. 
Principle
The principle applied in reactive magnetron sputtering entails the process of 
sputtering gas ions from plasma and transferring to a target surface for deposition 
[209]. The mechanism of sputtering entails stepping up of gas ions out of the 
plasma and moved to a target [210].
The quality of the thin film depends on the sputtering parameters such as, substrate 
temperature, the pressure applied, the duration of deposition, and the sputtering 
power applied [211, 212], the deposition of the film depends on the. Barnes et al. 
[213] investigated the mechanism of reactive sputtering of TiO2 thin film at low 
temperature. They deposited TiO2 thin films on unheated substrates and optimized 
the conditions for depositing TiO2 thin films at low temperature. They tried to 
explain the crystalline growth based on theory of charged clusters. Sicha et al [214]
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investigated the dual magnetron sputtering process for the low temperature 
deposition of TiO2 thin films. They demonstrated that that dc pulsed reactive 
magnetron sputtering is a very perspective method for growing crystalline thin 
films at low temperature.
Sekar et al. [215] investigated the structural, electric and optical properties of TiO2
thin films deposited at various substrate bias voltage. The concluded that the 
increase in the bias voltage from -50 V to -150 V, increased the crystallinity of the 
thin film. Li et al [216] demonstrated that the TiO2 thin film  sputtered at an RF 
power of 500 W and an oxygen partial pressure of 0.20 Pa consists of complete 
anatase phase. They used only oxygen gas to sputter the thin film, there is a hind 
side for this kind of deposition. In a DC magnetron sputtering of TiO2 thin films 
when oxygen gas is introduced into the system, it changes the sputtering mode from 
metallic to oxide mode and leads to the oxidation of the target surface. This, 
however, had a disadvantage of reduction of deposition rate [217, 218].
Musil et al [218] [219] reactively sputtered  TiO2 thin films  in the transition mode. 
They found that low temperature crystalline films were formed only in the oxide 
mode. Synders et al. [220] utilized RF amplified discharge to increase the plasma 
reactivity in the chamber and thereby increased the deposition rate while depositing 
in the oxide mode. It worked for SnO2 but for TiO2 thin films the use of RF  
amplified discharge did not affect the rate of deposition [221].
Recently, Zheng et al. [222] explored the phase control and the photo catalytic 
activity of TiO2 thin films reactively sputtered by a DC magnetron sputter. They 
concluded that the crystalline phase of the sputtered thin films can be controlled by 
varying the negative bias voltage of the substrate. In their study, they obtained 
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anatase phase at low negative bias whereas rutile phase was formed at high negative 
bias. However, the film deposited at -50 V had the optimal photo catalytic activity.
Takabayashi [223] and Asanuma et al. [224] observed that if oxygen partial 
pressure and total pressure are high enough then anatase TiO2 thin films can be 
deposited at room temperature using RF reactive sputtering. Barnes et al. [213] and 
Zhou et al. [225] suggested that the growth of the crystalline TiO2 thin film at low 
temperature can be controlled by the bombardment energy and the cluster size of 
the reactive species.  
2.6 Summary
This chapter has introduced the fundamentals of plasma technology, particularly 
cold plasma which was used in this study.
An overview on research related to DSSC and perovskite solar cells have been 
reviewed. Plasma methods to functionalise TiO2 and dope TiO2 with nitrogen have 
also been reviewed. Finally, a brief overview on DC magnetron reactive sputtering 
has been done.
In a DSSC, there are two competing processes, namely the electron transport within 
the mesoporous TiO2 and the recombination loss in the TiO2/electrolyte interface 
which strongly depends on the surface properties of the photo electrode. So it is of 
need to alter the surface properties of the photo anode to facilitate maximum dye 
uptake and faster electron transport. Chemical methods to modify the TiO2 surface 
have been a successful approach to accomplish the above mentioned issues. The 
range of chemical methods involve tedious additional steps and can also leave 
traces of by products which might affect the photovoltaic performance of the 
device. So far, most of the investigations have used chemical methods for 
46 
 
functionalising TiO2 and doping TiO2 with nitrogen with few reports on using 
plasma methods for the same. 
Plasma technology offers the advantage of being dry and environmental friendly 
approach. Treating the TiO2 surface with argon and oxygen plasma is an alternate 
approach to improve the surface chemical properties of TiO2. So far, most such 
treatments have been proved to change the hydrophilic nature of the TiO2 surface 
to super hydrophilic nature. However, the interaction between the plasma species 
and TiO2 surface is not clear. The influence of the plasma surface modification on 
the electron transport properties in TiO2 surface has to be well investigated yet. 
Therefore in this thesis, a custom made gas plasma system was used to functionalise 
the surface of TiO2 using argon and oxygen plasma in series. In order to understand 
the mechanism of interaction between the TiO2 surface and plasma a comparative 
study was conducted between a spin coated TiO2 thin film and commercially 
available TiO2 electrode. The effect of plasma treatment and its influence on the 
photovoltaic performance of a DSSC with the plasma treated TiO2 was investigated.
Secondly, there are great interests on doping TiO2 with nitrogen in order to alter its 
optical and electronic properties and to use them as a photo anode for DSSC. So far 
sintering TiO2 at very elevated temperature for a long duration of time is one of the 
most commonly used approach. However, in most cases NH3 was used for this 
purpose. Besides, heating the nano structure TiO2 for a very long time can lead to 
particle agglomeration, reduction in surface area and phase transition. In several 
studies nitrogen containing plasma treatment have been proved to be an effective 
approach for doping the TiO2 surface with nitrogen. However, in most of the studies 
using only nitrogen plasma have led to creation of only oxygen vacancies but not 
doping. In the studies in which nitrogen was doped successfully a very high power 
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has been used. In some cases, nitrogen doping was successfully achieved using 
nitrogen and hydrogen plasma but the amount of doping was very low or not 
mentioned. Therefore, in this thesis, a new system, plasma plus thermal system, 
was developed to controllably dope semiconductor oxides with nitrogen. This 
system combines a cold plasma + cold plasma and thermal energy to dope nitrogen 
into TiO2. The possibility of controlling the amount of doping by varying different 
experimental parameters was studied. An investigation was done of the variation in 
the band gap energy of the nitrogen doped TiO2.
From the literature study, it has been revealed that the contact between the hole 
transport layer and the conductive electrode can lead to significant recombination 
loss in the solar cells. For this reason, a compact TiO2 layer is being introduced in 
the cell architecture which could possibly enhance the current output by 3-4 orders 
of magnitude which clearly emphasise the importance of this blocking layer. 
Besides, most of the methods involve sintering the electrodes at high temperature. 
Reducing the processing temperature is very significant for lowering the cost and 
enabling processing on different substrates that are sensible to high temperature. 
Therefore, in our study we have attempted to synthesize crystalline TiO2 blocking 
layer using physical vapour deposition technique at a very low temperature. The 
influence of the thickness of the reactively sputtered TiO2 blocking layer on the 
photovoltaic performance of PSC was analysed.
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Chapter 3 Materials and methodology
3.1 Introduction
This chapter describes TiO2 thin film preparation, solar cell assembly and the 
characterisation procedures used in this thesis. Firstly, the thin film preparation 
procedures via (i) a sol gel method and (ii) by a physical vapour deposition (PVD) 
method are presented and the details of a commercial TiO2 film are also presented. 
The plasma techniques used for (i) surface functionalization and (ii) nitrogen 
doping are then explained. The method used for preparation of the perovskite solar 
cell is also introduced. It should be noted that the characterisation of the solar cells 
such as the I-V test and Incident photon to electron conversion efficiency test 
(IPCE) were conducted using the facilities at Monash University. The perovskite 
solar cells were also fabricated and tested using the facilities at Monash University. 
The X-ray photoelectron spectroscopy analyses were conducted using the facilities 
at RMIT University.
3.2 TiO2 thin films
Different TiO2 thin films were used in this study in order to conduct comparative 
study and understand the underlying mechanisms. In the first part of the study 
(Chapter 4) where a surface oxygen plasma functionalisation was conducted, a 
comparative study was undertaken using a spin coated TiO2 thin film and 
Commercial TiO2 (C-TiO2) thin film purchased from Dyesol. The spin-coated TiO2
thin film was used for the comparative study, as its surface is smoother than C-TiO2
which makes it more suitable for surface analysis techniques, such as X-ray 
photoelectron spectroscopy (XPS). 
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A PVD system was used to deposit a high quality TiO2 thin film on silicon and 
glass substrates to conduct the nitrogen doping studies. Initially, the nitrogen 
doping was started with the spin coated TiO2 thin film, however, sputter deposited 
TiO2 thin films were used to conduct the detailed analysis for understanding the 
underlying mechanisms owing to their better quality and reproducibility. Finally, 
the PVD system was used to deposit a TiO2 thin film on a Fluorine doped tin oxide 
(FTO) coated glass substrate, which was employed as a blocking layer in a planar 
heterojuction perovskite solar cell. 
The different synthesis routes are given below.
3.2.1 Spin coated TiO2 thin film and commercial TiO2 electrode 
The spin-coated TiO2 thin film was synthesized via a sol-gel process. The reaction 
scheme in the sol gel process comprises of two steps which is given below  [226],
where M represents the metal atoms and R represents the alkyl group present in the 
precursor solution.
a) Hydrolysis: 
M (OR) n + H2O M (OR) n-1(OH) + ROH 
b) Condensation: 
i. Dealcholation: 
M (OR) n + M (OR) n-1(OH) M2O (OR) n-2 + ROH 
ii. Dehydration 
2M (OR) n-1(OH) M2O (OR) 2n-2 + H2O  
The overall reaction is 
M (OR) n + n/2 H2O MOn/2 + n ROH
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Titanium sol was prepared using titanium (IV) butoxide as a precursor, acetyl 
acetone as a stabilizer, ethanol as a solvent and acetic acid as a catalyst. The sol 
was prepared by dissolving 50 ml of titanium (IV) butoxide in 100 ml of ethanol. 
Then the mixture was stabilized by adding 7 ml of acetyl acetone and stirred for 1 
h. Then 5 ml of acetic acid was added to the mixture and stirred for 4 h to obtain a 
yellow transparent stable sol. All the chemicals used were purchased from Sigma-
Aldrich and were used without any further purification. 
Prior to thin film deposition, the glass substrates were thoroughly cleaned 
ultrasonically and also by using Argon plasma. Plasma cleaning of the glass 
substrate not only removes the contaminants but also provides more active sites 
which is important for proper adhesion of the film. Argon plasma cleaning was 
done for 1 min with a power of 80 W and a pressure of 8 x 10-2 mbar. A flow chart 
of the process is given in Fig.3.1
Thin films were spin-coated onto a glass substrate using a spin coater (Laurel 
Technologies Model WS-400B-6NPP Lite). The spin coating was carried out in 
consecutive steps; the first at 300 rpm for 15 s and the second at 3000 rpm for 25 
s. This two-step process was adopted to obtain an even coating of the film on the 
surface of the glass substrate. After deposition, the thin film was dried for 30 mins 
at 100 ȗWKHQVLQWHUHGDWÛ&IRUPLQLQDLUIRUFU\VWDOOLVDWLRQDQGUHPRYDORI
the organic contaminants.
The C-TiO2 was purchased from Dyesol. Dyesol’s TiO2 use TEC15 conductive 
glass (sheet resistance ~ 15 ૯/Sq.), screen printed with Dyesol’s DSL 18NR-AO
active opaque Titania paste which is sintered to produce an opaque TiO2 electrode 
suitable for dye absorption in DSSC devices. The dimension of the C-TiO2
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electrode was 160 mm x 80 mm with a printed active area of 8 mm x 11 mm and 
the thickness was 12 ʅm. In order to remove the organic contaminants and for 
crystallisation, the C-TiO2 HOHFWURGHVZHUHVLQWHUHGIRUPLQDWÛ&LQDLU
Ultrasonification in DI for 
10 mins 
Rinse with DI 
Ultrasonification in Acetone 
for 15 min 
Rinse with DI 
Ultrasonification in Ethanol 
for 15 min 
Rinse with DI 
Ultrasonification in DI for 15 
mins 
Rinse with DI 
Dry with N2 air 
ůĞĂŶǁŝƚŚĂƌŐŽŶƉůĂƐŵĂ 
Fig 3. 1 Flow chart for the cleaning process of the glass substrate prior to 
spin coating of TiO2 thin film.
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3.2.2 TiO2 thin film deposited using DC reactive magnetron sputtering 
system
The PVD system used in this thesis is a part of a unique advanced plasma facility 
that was custom designed at Deakin University. This facility combines a PVD 
system and a Plasma enhanced chemical vapour deposition system (PECVD) in a 
double chamber design. The PVD system is basically a direct current (DC) 
magnetron sputter coating system.
The schematic of the PVD chamber, which was used in this thesis, without and with 
the heater set up are shown in Fig 3.2 (a) and (b) respectively. The PVD chamber 
consists of a rotating substrate holder with adjustable height and a 4” diameter 
wafer capacity. The rotation of the substrate holder can be varied between 10 and 
100 rpm. A water cooled source was used. The TiO2 films were deposited using a 
99.99 % pure Ti target in Ar (99.99%) and O2 (99.99%) atmosphere. An Adixen 
ACP15 roots vacuum pump and an Adixen turbo molecular pump ATP 100 (100 
l/S) were used to pump the chamber. The chamber pressure was monitored using 
two types of gauges namely, a Baratron Etch Manometer (mks series 900 
controller) and a fine ion gauge (mks technology – PR4000B). Alicat Mass flow 
controllers (MFC) were used to control the gas flow rate. The base pressure in the 
chamber prior to any deposition was 3 X 10-6 mbar. The PVD chamber can be 
operated with and without substrate heating. A TruPlasma DC 40c1 DC power 
supply was used and the applied power and current was 100 W and 200 mA. This 
system can be operated using   continuous DC power or pulsed mode and also using 
a radio frequency (RF) generator. However, in this study only DC power was used 
because of relatively higher deposition rate. Other parameters that were varied at 
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different stages to investigate the type of the TiO2 thin film formed were chamber 
pressure, the distance between the substrate and the target and the working gas 
(a)
(b)
Fig 3. 2 Schematic of the PVD chamber in the advanced plasma facility a) without heater set 
up b) with the heater set up.
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Pressure.TiO2 films were deposited on glass, silicon and conductive glass substrate 
for various characterisations. Prior to the deposition the substrates were cleaned as 
per the flow chart mentioned in the previous section.
Theory of thin film formation 
Generally, two theories have been proposed for the thin film formation. Firstly, it 
has been suggested that the thin film grows via a reaction between the surface of 
the substrate and atoms/molecules in the gas phase [227]. Secondly, the theory of 
charged clusters (TCC) proposes that a thin film is formed as a result of the self-
assembly of charged clusters that nucleate in the gas phase [228, 229]. The 
schematic of the growth mechanism of the thin film is shown in Fig 3.3. Small 
clusters has a non-fixed crystalline orientation which enables them to adopt the 
crystal structure of the substrate or film already deposited on the substrate. On the 
other hand, large clusters tend to retain their microstructure on deposition. 
Therefore, the microstructure of the thin film can be controlled by controlling the 
size of the cluster and the charge density in the reactor which in turn can be 
controlled by the plasma parameters.
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 Fig 3. 3 a) Schematic of the mechanism of thin film growth via the conventional 





3.3 Plasma technologies used for surface modification and nitrogen doping 
Apart from the PVD system two custom built low pressure plasma systems were.
3.3.1 Gas plasma technology for surface modification
The system that was used for surface modification of TiO2 in Chapter 4, is a custom 
built low pressure plasma system that was developed in Deakin [230-233]. This
system is referred to as a gas plasma system and  is represented schematically in 
Fig 3.4 [231]. The plasma chamber consists of a glass cylinder (15 cm in diameter 
and 30 cm in length), mounted in a Faraday cage. An external antenna is wound 
around the inlet side of the chamber. The antenna is made of a copper wire (3.74 
mm in diameter). A RF (13.56 MHz) generator (Kurt J. Lesker Company, USA) 
with an auto-matching network (EJAT6, Kurt J. Lesker Company, USA) was used 
as a power source. The maximum output power of the generator is 300 W and it 
can be operated in continuous wave (CW) and pulsed (P) mode. The system can 
transfer 100% of the RF power into the plasma. Samples were placed in the plasma 
source on a stainless steel platform. The working gases were introduced via the gas 
inlet. The chamber pressure was monitored by a pressure gauge and the base 
pressure can go below 10-3 mbar using a rotary pump. For P mode, 10% duty cycle 
(DC) was used. Prior to plasma treatments, the chamber was evacuated to 1 x 10-3
mbar with a rotary pump. Then oxygen was introduced into the chamber to 5 x 10-
2 mbar. After every plasma treatment, the samples were left inside the chamber in 
vacuum without any gas flow for at least 15 min. This was done in order to stabilize 
the surface before exposure to the atmosphere.
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Fig 3. 4 Schematic of a gas plasma system [231]
3.3.2 Cold Plasma + Thermal technology
The second system is a unique plasma + thermal system (P+T) [27]. The nitrogen 
doping of TiO2 was carried using the P+T system, which combines both plasma 
energy and thermal energy. The P+T system is shown in Fig 3.5, as depicted this 
system consists of a tube furnace (Tetlow,  Û&ZLWK D FORVHG F\OLQGULFDO
quartz tube as the plasma chamber. A radio frequency (RF) generator is used to 
strike plasma in the tubular chamber.  A parallel plate electrode is used for the 
doping study. The electrodes are connected to the RF generator through specially 
designed aluminium vacuum caps. The two rectangular stainless steel electrodes 
(20 x 70 mm2) are placed at approximately 15 mm from each other and connected 
to a RF generator (13.53 MHz, 300 W, CESAR, Advanced Energy) through a 
double capacitor matching box. The electrodes are inside a quartz tube (d=50 mm) 
located in a tube furnace. The working gas is supplied through a gas flow controller 
in one end and the other end of the quartz tube is connected to the vacuum pump. 
The whole system is enclosed in a  Faraday cage in order to avoid radiation hazards.
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Prior to any plasma operation the quartz tube was washed with soap solution and 
dried using the furnace. The electrodes were also ultrasonically cleaned before 
using them in any experiment. In addition to all this the chamber was always 
cleaned with an Ar plasma with RF power 100 W for 1 min in order to eliminate 
contamination. The system was usually pumped down to a base pressure of about 
1 X 10-3 mbar and the experiments were conducted at a chamber pressure of 5 X 
10-2 mbar. The pressure of the chamber was controlled by using the gas flow 
controller. At the beginning of the experiments and after any gas change, the 
chamber was rinsed to flush out all the previous gas. This was done by increasing 
the pressure to 5 mbar and then pumping down to the treatment pressure three 
consecutive times. The plasma treatment conditions are given in detail in chapter 
5.




3.4 Solar cell device fabrication
3.4.1 Dye sensitised solar cells
The as-prepared TiO2 films were sensitized with N719 dye, by immersing the 
electrodes in an ethanolic dye solution (0.2 mM N719 dye solution) for 20 h. in a 
sealed container at room temperature. Then the electrodes were washed with 5 ml 
of ethanol for 15 s and dried with N2 gas. DSSCs were assembled by sandwiching 
the stained TiO2 electrode with a platinum counter electrode separated by a Surlyn 
thermoplastic sealant. The I-/I3- electrolyte was injected into the cell through a hole 
drilled in the platinum electrode via vacuum backfilling method. The hole was then 
sealed with Surlyn. A two part hermetic sealing compound was used as a secondary 
sealant to improve the quality of the enclosure.
3.4.2 Perovskite solar cells
As mentioned earlier, the perovskite solar cells were fabricated using the facilities 
at Monash University. Unless specified otherwise, all materials were purchased 
from either Alfa Aesar or Sigma-Aldrich and used as received. Spiro-OMeTAD (2, 
2’, 7, 7’-tetrakis (N, N-di-p-methoxyphenylamine)-9, 9-spirobifluorene) was 
purchased from Luminescence Technology Corp. CH3NH3I was synthesized by 
mixing 24 mL CH3NH3 (33% in ethanol) and 10 mL HI (57% in water) in 100 mL 
ethanol [234]. After stirring for 2 h, the solvent was removed on a rotary evaporator. 
The white crystals were washed by diethyl ether and then recrystallized from 
ethanol. The final product was dried in a vacuum oven at 60 ºC for 5 h.
A 25 ʅL 45 wt% CH3NH3PbI3 DMF solution, prepared from PbI2 and CH3NH3 
in a molar ratio of 1:1, was spread on it, on a spin-coater. The solution was spun at 
6500 rpm for 30 s. After the spin-coating commenced for 2 s, a 60 psi dry Argon 
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gas stream was blown over the film for 10 s during spinning. The films were then 
annealed at different temperatures (35-100 °C) on a hotplate for 10 min, and then 
cooled to room temperature on a steel substrate. A 25 ࠻L spiro-OMeTAD solution 
(prepared by dissolving 41.6 mg spiro-OMeTAD, 7.5 ʅL of a stock solution of 520 
mgmL-1 lithium bis(trifluoromethylsulphonyl)imide in acetonitrile and 14.4 ࠻L 4-
tert-butylpyridine in 0.5 mL chlorobenzene) was coated on the perovskite film by 
spin-coating at 3000 rpm for 30 s. A 70 nm silver layer was deposited by thermal 
evaporation to form the complete device [234].
3.5 Characterisation Methods
3.5.1 Chemical composition characterisation – X-ray Photoelectron 
Spectroscopy
X- Ray photoelectron spectroscopy (XPS) is a widely used technique for the 
identification of the functional groups, surface charge sate and the quantitative 
analysis of elements. When the samples are illuminated by soft X-rays in an 
ultrahigh vacuum, photoelectrons are ejected from the atoms in the sample. The 
kinetic energies of the emitted photoelectrons are measured and the binding energy 
of the photoelectrons are calculated from the below formula
Ek  KȞ- Eb (1)
Where Ek LVWKHNLQHWLFHQHUJ\KLV3ODQN¶VFRQVWDQWȞLVWKHZDYHOHQJWKRIWKH[-
ray and Eb is the binding energy. The binding energies are the foot print for each 
element and are sensitive to the chemical state of the element. This leads to the 




In this work, XPS was used to detect the surface chemical composition of the 
samples before and after plasma treatment. The spectra were obtained using a K-
Alpha X-ray photoelectron spectrometer from Thermo Fischer Scientific using 
monochromatic X-rays focused to a ȝPVSRWVL]H([FHVVLYHFKDUJLQJRIWKH
samples was minimised using a flood gun. The C1s binding energies of the samples 
were accurately established by charge shift correcting the lowest binding energy 
peak of the C1s to 284.6 eV. Survey spectra were obtained at a pass energy of 100 
eV while high resolution peak scans were performed at 20 eV pass energy. The 
peak scans were employed to obtain the composition in terms of elemental Ti, O, 
and C. Advantage software from Thermo Fisher scientific was used for the curve 
fitting analysis with a smart background and a non-constrained G/L peak shape. 
Triplicate samples were analysed with atom percent uncertainties being of the order 
of 2%.
3.5.2 Morphology observation
A scanning electron microscopy (SEM) is commonly used for imaging the surface 
morphology and fine structures of materials. In this study, the surface morphology 
of the various films were characterised using a Carl Zeiss Supra55vp instrument, 
operating at 5 kV accelerating voltage and 5 mm working distance. The use of SEM 
requires sample preparation. TiO2 is a semiconductor, therefore the surface of the 
TiO2 thin film has to be made conductive in order to avoid any charging effect. 
Otherwise the images will be blurry. The TiO2 thin film coated glass and Silicon 
substrates were broken into a small piece and mounted on the aluminium stub.  A 
carbon coater (VG/Polaron SC 7620 sputter coater) was used to coat a thin carbon 
layer on the samples before observation. This was done in order to make the layer 
conductive. A 30 ʅm aperture was used.
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3.5.3 Crystal structure characterisation
X-ray diffraction (XRD) is a non-destructive analytical technique for collecting 
information about crystal structure, chemical composition and physical properties 
of thin films and materials. This technique is based on observing the scattered 
intensity of an X-ray beam hitting a sample as a function of incident and scattered 
angle, polarization and wavelength [235]. The crystal structure of the as-prepared 
samples were characterised using a Panalytical X'Pert Power X-ray Diffractometer 
(40 kV, 30 mA) with Cu–.ĮUDGLDWLRQȜ = 0.154 QPIURPÛWRÛDWDVFDQQLQJ
UDWHRIÛV- 1 and 10 s-1 was used for nano particle and thin film respectively. A 
high score plus 3.0x software was used to analyse the lattice parameter.
The grain size was estimated using Scherer’s formula, as given in Eq. (2). The grain 
size is t,
ݐ = ଴.ଽఒ஻௖௢௦ ఏ (2)
Where B ( crystallite) is the full width at half maximum intensity (FWHM) of a 
%UDJJSHDNȜLVWKHZDYHOHQJWKRI;-UD\DQGșLVWKH%UDJJDQJOH[236].
3.5.4 Optical property Analysis and Band gap calculation
The UV-Vis reflectance spectra of the TiO2 films were measured using a Varian 
Cary 3E spectrophotometer with an integrating sphere and that of the dye solution 
were measured using a normal liquid set up. 
In order to confirm whether the band gap of a nitrogen doped TiO2 thin film was 
narrowed or not, the optical band gap of the thin films were calculated by Tauc plot 
using the absorption co-efficient calculated from the UV-Vis reflectance spectra 
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[138, 237, 238]. The absorption co- HIILFLHQW Į DQG WKH EDQG JDS(g are related 
through the equation (3)  [239]
ĮKȞs  KȞ- Eg (3)
:KHUHȞLVWKHIUHTXHQF\KLV3ODQN¶VFRQVWDQWDQGVLVIRULQGLUHFWEDQGJDS
PDWHULDOV,QWKH7DXFSORWĮKȞ 0.5 LVSORWWHGDJDLQVWKȞ7KHRSWLFDOEDQGJDSLV
obtained by dropping a line from the maximum slope of the curve to the x-axis. In 
Fig 3.6 a, the absorbance spectra of TiO2 thin film deposited on a glass substrate is 
shown and Fig 3.6 b shows the band gap calculation from the Tauc plot.
(b)
(a)




3.5.5 Surface roughness analysis
Atomic force microscopy (AFM) is a very high resolution type of scanning probe 
microscopy (SPM). It measures surfaces in three dimensions and provides 
roughness over a scanned surface area. An Asylum Research Cypher Atomic Force 
Microscope (AFM)( shown in Fig. 3.7) was used in this study and it is regarded as 
the world’s fastest and highest resolution AFM [240]. A 4-sided silicon tip was 
used in this study. The surface analysis was done in a tapping mode in air with 
silicon cantilevers. The drive frequency of the cantilever was 310-345 kHz. 
3.5.6 Contact angle measurement
Contact angle measurement is generally used to estimate the wettability of a 
localized area on a solid surface. The contact angle indicates the degree of wetting 
when a solid and liquid interact, small contact angles (<< 90ȗͿ correspond to high 
wettability, while large contact angles (>>90ȗͿ correspond to low wettability [241].
In this study, static contact angle of an untreated and plasma treated surface were 
determined using a CAM101 video camera based contact angle measurement 
Fig 3. 7 A Cypher AFM instrument.
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system (KSV Instruments, Ltd., Finland). The contact angle measurement was 
made by placing a droplet of water at various spots on the thin film’s surface and 
recording images at a speed of 220 frames/sec. It was observed that the volume of 
the droplets remained constant (2.52 ± 0.02 ʅůͿ over the duration of the 
measurement, indicating that capillary effects could be ignored. Contact angles 
were measured at least five different places on each surface for 0.46 sec.
3.5.7 Stylus profilometer
A KLA Tensor P-16+ stylus profilometer was used to measure the thickness of the 
TiO2 thin film in this study. Surface Profiler provides complete, detailed two- and 
three-dimensional analysis of surface topography of variety of surfaces. This tool 
uses a diamond stylus for advanced profiling applications on a Windows®XP 
operating system. With its intuitive menus, the P-16+ system provides 
measurement data such as step height, surface roughness, micro-waviness, and 
overall substrate form, with excellent vertical resolution, precision, and reliability. 
The system’s three different measurement head configurations offer flexibility for 
a wide range of vertical topography, with top and side view optics for simple 
sample positioning. This facility is located in RMIT University.
3.6 Dye absorption efficiency characterisation
UV-Vis spectroscopy was used to quantify the amount of dye absorbed on to the as 
prepared TiO2 surface. Firstly, the control and the various plasma treated TiO2 films 
were dyed with the N719 dye at room temperature for 20 h, using the procedure 
described above. Next, the dye was desorbed from the TiO2 surface by immersing 
the samples in 5 ml of aqueous ammonium hydroxide solution (0.13 M) for 15 min 
[20]. Then the absorption spectra of 3 ml of the resulting solutions were measured 
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using a Varian Cary 300 spectrometer. The peak intensities and the area under the 
spectra were compared to determine the difference in dye loading. All the 
measurements were done using three replicates and three measurements were done 
per replicate. The averages of the measurements are presented.
3.7 Photovoltaic performance tests
3.7.1 Incident photon to electron conversion efficiency
The incident photon-to-current conversion efficiency (IPCE) of the DSSCs, also 
referred to as also external quantum efficiency (EQE) is an important characteristic 
of a solar cell. In particular, it is possible to compare the light harvesting 
performance of the device [2, 49]. It can be defined as the ratio between the number 
of electrons generated by light in the external circuit and the number of incident 
photons as a function of the excitation wavelength as in equation (2) [47].
ܫܲܥܧ (ߣ) = ௉௛௢௧௢௖௨௥௥௘௡௧ ௗ௘௡௦௜௧௬
 ௉௛௢௧௢௡ ௙௟௨௫ (4)
 /+(Ȝ[ĳinj [܏coll (5)
:KHUH /+( Ȝ LV WKH OLJKW KDUYHVWLQJ HIILFLHQF\ DW ZDYHOHQJWK Ȝ ĳinj is the 
quantum yield for electron injection from the excited sensitizer in the conduction 
band of TiO2 DQG܏coll is the electron collection efficiency. A typical IPCE spectra 




In this study, the IPCE spectra were recorded using the facility at Monash 
University. The spectra were recorded using a Keithley 2400 source meter under 
the illumination of a 300 W Xenon lamp with an Oriel Cornerstone 2601/4 m 
monochromator [242, 243].
3.7.2 I-V curve
The photocurrent-voltage measurement (I-V) of a solar cell can be obtained by 
applying a potential scan, from 0 V (short circuit conditions) to the open-circuit 
potential, under constant illumination. An equivalent circuit model of a 
photovoltaic cell is presented in Fig 3.9 [244]. It consists of a photo current source 
(IL), a diode, a series resistance (rs), and a shunt resistance (rsh). The ohmic losses 
in the front surface of the cell are represented by the series resistance whereas the 
shunt resistance represents the loss due to diode leakage. The overall conversion 
HIILFLHQF\܏RIWKHGHYLFHLVGHILQHGDV
Ꮈ = ௉೘௉೔೙ (6)
Fig 3. 8 IPCE spectrum of a DSSC device fabricated with 
a commercial TiO2 electrode dyed with N719 dye.
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And the fill factor (FF) is given by
ܨܨ = ூ೘ೇ೘ூೞ೎ೇ೚೎ (7)
Where Pin is the power input to the cell, Voc is the open circuit voltage, Isc is the 
short circuit current and Im and Vm are the maximum current and voltage 
respectively at the maximum power (Pm). Fig 3.10 presents a typical I-V curve of 
a Silicon PV cell [244]. In a forward bias condition, the I-V curve is generated 
between the two points (V1 = 0, I1 = Isc) and V2 = Voc, I2 = 0). The parameters like 
VOC and ISC can be directly determined from the curve and the other parameters can 
be calculated.
Figure 3.10 
Fig 3. 9 An equivalent circuit of a photovoltaic cell.
Fig 3. 10 A typical I-V curve of a silicon photovoltaic 
device in forward bias condition.
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Based on the above principle, the percentage power FRQYHUVLRQHIILFLHQF\ȘRID
solar cell device is the ratio of power output (Pout) versus power input (Pin) .The 
latter is dependent upon the incident light flux (Io) and the former, implicit 
properties of the device, namely, the short circuit current [47].
Ꮈ = ௃ೞ೎ ௫ ௏೚೎  ௫ ிிூ೚ x 100 (8)
Generally, the open circuit voltage of the cell is determined by the energy difference 
between the Fermi level of the semiconductor under illumination and the redox 
potential of the electrolyte. The fill factor is defined as the ratio of the maximum 
power Pmax obtained from the device and the theoretical maximum power (Pth)
which can represented as in the equation (9) [49]
Pth = Isc x VocC (9)
Where Isc and Voc are the short circuit current and the open circuit voltage 
respectively. The fill factor takes a value between 0 and 1 and it reflects the
electrical and electrochemical losses occurring during the device operation.
The I–V curves of the assembled solar cells were measured using a Keithley 2400 
source meter under the illumination of simulated sunlight (100 mW/cm2) provided 
by an Oriel solar simulator with an AM 1.5 filter. An aperture area of 0.36 cm2 was 
maintained using a black metal mask [243]. All the measurements were done using
three replicates and three measurements were done per each replicate. The averages 




3.7.3 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy is a method to measure the current 
response to the application of an AC voltage as a function of frequency. EIS has 
been widely used to study the kinetics of electrochemical and photoelectrical 
processes occurring in the solar cell [95, 245, 246]. The Nyquist diagram (Fig 
3.11a), typically consists of three semicircles that in order of increasing frequency 
the features are attributed to the charge transfer resistance at the Pt/electrolyte 
LQWHUIDFH Ȧ1Ȧ2), charge transfer resistance at the TiO2/dye/electrolyte interface 
Ȧ3) and redox couples diffusion (not clearly visible) [247, 248]. The electron life 
time can be deduced from the Bode phase plot (Fig 3.11 b). The life time of 
HOHFWURQVLQWKH7L2ILOPĲQFDQEHHVWLPDWHGDFFRUGLQJWRWKHHTXDWLRQ
Ĳn = 1/(2ʌImax) (10)
Where fmax LVWKHPD[LPXPIUHTXHQF\RIWKHPLGIUHTXHQF\SHDNȦ3) [60].
In this study, (EIS) measurements were done using a computer-controlled Autolab 
PSTA30 in a frequency range of 0.005-105 Hz under dark conditions. A bias 
corresponding to the open circuit voltage (VOC) was applied. The amplitude of the 
alternative signal was 10m. A ZView software was used to fit the impedance 









Chapter 4 Surface modification of TiO2 to enhance the light harvesting 
efficiency of DSSC
4.1 Introduction
Dye sensitised solar cells (DSSC) are considered to be one of the most promising 
cost effective alternative for converting solar energy to electricity [50]. The key 
challenge in a DSSC is to improve its energy conversion efficiency. In a DSSC 
configuration, the dye that acts as the light absorber is sensitised on a TiO2 photo 
anode. Upon absorption of sun light, the dye generates electron-hole pairs. 
Subsequently, the electrons inject in to the TiO2 network to generate the 
photocurrent whereas the holes get transported to the cathode by a redox couple 
[2]. As discussed in Chapter 2, functionalisation of TiO2 with hydroxyl groups has 
been proved to be an effective approach to enhance the solar cell performance [22,
74, 249]. The functionalised TiO2 surface can immobilise more dye molecules 
because the OH groups serve as binding sites for the dye to anchor onto its surface. 
There by, it increases the electron injection rate, transport rate and short circuit 
current in DSSC [73, 250]. Oxygen plasma has been used to introduce hydroxyl 
groups on the surface of TiO2 and have resulted in improved photovoltaic 
performance of DSSC [26, 178, 251]. However, a clear understanding on surface 
modifications caused by the surface plasma treatment and its effect on the 
photovoltaic performance of DSSC has not yet been studied. 
Therefore, the focus of this chapter is to investigate the changes caused by an 
oxygen plasma treatment on the surface of TiO2. The effects of oxygen plasma 
treatment on surface functionalities and Ti charge states were studied. Then the
variation in the amount of dye absorbed on the surface of untreated and plasma 
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functionalised TiO2 was analysed and its impact on photovoltaic performance of 
DSSC was examined.
In order to understand the modifications caused by oxygen plasma treatment on the 
surface of TiO2, a comparative study was conducted using a commercial TiO2
sample (Com-TiO2) and a TiO2 thin film synthesized by a sol-gel technique (S-
TiO2). Before spin coating TiO2 on the substrate, the substrate was first cleaned 
ultrasonically and then with argon and oxygen plasma. The quality of the thin film, 
in terms of cracks formed, deposited on the substrate with and without plasma 
cleaning was analysed. 
All the plasma treatments mentioned in this chapter were done using a custom built 
inductively coupled plasma apparatus. The S-TiO2 was used as a reference sample 
because its relatively smoother surface is more suitable for the surface 
characterization to help understand the surface chemical changes. 
The Com-TiO2 electrode was used to examine the variations in the dye adsorption 
DQGSKRWRYROWDLFSHUIRUPDQFH7KHHIILFLHQF\܏RID'66&LVGLUHFWO\UHODWHGWR
the short circuit current density (JSC), open circuit voltage (VOC) and fill factor (FF), 
where JSC strongly depends on the photon and dye interaction efficiency [25].
Oxygen plasma treatment of TiO2 have been used not only to increase the amount 
of the sensitiser molecule loaded on the surface but also to improve the electronic 
interaction between the dye and the TiO2 surface thereby yielding improved 
photovoltaic performance [22, 25, 26, 71, 74]. X-ray electron spectroscopy (XPS) 
was used to identify the changes in the surface functionalities and the charge state
caused by the oxygen plasma treatment. The effect of the oxygen plasma treatment 




voltage (I-V) curve. Electrochemical impedance spectroscopy studies (EIS) were 
conducted in order to understand the charge transport mechanisms in the interfaces 
and to get an understanding on the solar cell parameters such as JSC, VOC and 
efficiency.
4.2 Experimental methods
4.2.1 Preparation of TiO2 thin film via a sol-gel technique
In this work, a TiO2 thin film was prepared by spin coating using a titanium sol. 
The mechanism of hydrolysis and condensation is discussed in Chapter 3. The 
quality of the thin film greatly depends on the sol preparation conditions. Therefore, 
various sols of TiO2 were prepared as follows. First, the molar ratio of the starting 
alkoxide solution was Ti (OC4H7)4:C2H5OH:H2O:HNO3 with 26.5:1:1:0.3. In this 
procedure, the titanium (IV) butoxide (TiB) was dissolved in ethanol and stirred 
vigorously. A mixture of ethanol and water was added drop wise to this solution to 
LQLWLDOLVHK\GURO\VLV7KHUHVXOWDQWDONR[LGHVROXWLRQZDVOHIWWRVWDQGDWÛ&IRU
36 h for the hydrolysis reaction to complete +[252]. As titanium is a transition 
metal, its alkoxides are highly unstable and react steadily with water, causing the 
formation of TiO2 particles too quickly to control [226, 252, 253]. This resulted in 
the formation of a white precipitate. The solution which was turbid and the sol was 
named as sol-1 (Fig 4.1a).
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Another sol was prepared following the procedure outlined in reference [254].
The precursor solution was prepared by adding acetyl acetone (AcAc) and water 
to ethanol, followed by mixing TiB and Hydrochloric acid (HCl) while stirring. 
The volume fractions of TiB, ethanol, HCl, AcAc and water are 7:89.5:0.5:2:1. 
The resultant solution was a transparent sol but was highly unstable and was 
named as sol-2 (Fig 4.1b).
In order to avoid the formation of the white precipitate, the water was replaced by 
acetic acid [255]. The sol was prepared as per the flowchart shown in Fig 4.2. The 
volume fraction of TiB: AcAc: ethanol: acetic acid was 0.5:0.05:1:0.025. In this 
procedure, TiB was first stabilised by dissolving it in ethanol and stirring it with 
AcAc. Acetic acid was then added to the solution to initiate hydrolysis. After 
(b) sol-2 - HCl and AcAc 
were used to initiate 
hydrolysis .
(c) sol-3 - Acetic acid was 
used instead of water to 
initiate hydrolysis.
(a) sol-1 - water and ethanol 
were used to initiate 
hydrolysis .
Fig 4. 3 Titania sols prepared through various methods.
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stirring this solution, finally a transparent sol was obtained (Fig 4.1c). The sol was 
stable and named as sol-3.
Since titanium alkoxide is highly reactive, the rate of hydrolysis and condensation 
has to be controlled in order to obtain a stable sol. In the procedure of forming sol-
3, AcAc was added as a chelating agent in order to decrease the reactivity of the sol 
and to stabilise it before it condenses to form the precipitates. The slow addition of 
acetic acid in the process allows slow hydrolysis through esterification reaction as 
explained in the following equation [256]:
R-OH + R’-COOH H2O + RCOOR’















In summary, three sols were prepared: with water and ethanol to initiate hydrolysis, 
with HCl and AcAc to initiate hydrolysis and with acetic acid instead of water to 
initiate hydrolysis. Among the three sols, the one prepared with the acetic acid was 
found to be stable and clear. The prepared clear sol was then spin coated on cleaned 
VLOLFRQVXEVWUDWHDQGVLQWHUHGDWÛ&IRUPLQLQRUGHUWRREWDLQFU\VWDOOLQH6-
TiO2 thin films.
4.2.2. Plasma treatment conditions
(a) For cleaning the substrate before spin coating
The substrates were first cleaned ultrasonically with deionised water, acetone and 
ethanol consecutively (detailed procedure given in chapter 3.2.1). Then with argon 
plasma (CW 80 W, 8 x 10-2 mbar) for 1 min and oxygen plasma (CW 100W, 5 x 
10-2 mbar) for 5 min. These plasma conditions were chosen based on the previous 
studies conducted in our group [231, 257].
(b) For surface modification of TiO2
The TiO2 films were functionalised using the gas plasma system and the details of 
the same are explained in chapter 3, under section 3.3.1
In order to activate and clean the surface, all the samples were treated by argon 
plasma (CW 80 W, 8 x 10-2 mbar) for 1 min prior to functionalisation. Then the 
chamber was flushed with the working gas, oxygen, three times consecutively to 
ensure cleanliness.
Different plasma modes, namely the continuous wave (CW), and pulse (P) were 
used to find the optimum condition. 
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In a CW plasma mode, the excitation, ionization and dissociation process occur 
throughout the whole treatment time because the plasma is “on” all the time. 
Therefore, the total plasma input energy is given by 
E = P u t (1),
Where P is the RF power and t is the treatment time. For surface functionalisation, 
the RF power was kept at 100 W, based on a previous study [257]. The level of 
surface modification was controlled by changing the treatment time. 
In a P plasma mode, there are “on” and “off” times. The “on” time produces the 
reactive species whereas the “off” period provides sufficient time for the plasma-
produced free radicals to react with the surface [233].  The RF power was
maintained at 100 W for the P mode which gave an average power of 10 W for a 
10% duty cycle (DC). The DC is calculated as below
ܦܥ = ೚்೙
೚்೙ା ்೚೑೑ (2),
Where Ton is plasma on time and Toff is the plasma off time. The total input energy 
for a P mode is given by
E = P × t × DC (3),
During the functionalisation treatment, the chamber pressure was maintained at 
3×10-2 mbar and the RF power at 100 W for all the experiments, as it had previously 
been found to be the optimum pressure for maximum atomic oxygen [257]. After 
the plasma treatment, the samples were left in vacuum for 15 min then at 
atmospheric pressure for 15 min to stabilise the surface before taking them out. The 
detailed experimental conditions for S-TiO2 and Com-TiO2 are listed in Tables 4.1 
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and 4.2 respectively. It should be noted that the total energy input for both CW and 
P mode was kept the same for the comparison purpose. 





CW 50 4 S-CW-50
100 5 S-CW-100
P
(DC = 10 %)
50 40 S-P-50
100 50 S-P-100
Table 4. 1 Plasma treatment conditions for spin coated TiO2.











Table 4. 2 Plasma treatment conditions for commercial TiO2
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4.3 Results and discussion
Characterisation of spin coated thin films deposited on plasma cleaned substrates
4.3.1 Wettability of the plasma cleaned substrates
As presented in Fig.4.3, a two-step plasma cleaning procedure was used following 
the ultrasonic cleaning procedure as presented in chapter 3, section 3.2.1. Argon 
plasma was used to clean and activate the surface before oxygen plasma treatment. 
The water contact angle of the untreated and plasma-treated surface was measured 
in order to compare the change in the wettability of the substrate surface. The 
contact angle of the substrate surface untreated by plasma but cleaned ultrasonically 
ZDVDERXWÛÛDQGLWGHFUHDVHGWRDERXWÛÛDIWHUWKHDUJRQSODVPD
treatment for 1 min. A further decrease in the contact angle was noticed for the 
substrate that was subsequently treated with an oxygen plasma for 5 min. It was 





Fig 4. 3 Surface wettability of the substrate before and after plasma cleaning  
(a) Untreated (b) Argon plasma cleaning for 1 min (c) Argon plasma cleaning 
for 1 min + Oxygen plasma treatment for 5 min. 
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A contact angle measurement is a direct indication of surface wettability [241].
Normally, the wettability changes are associated with physical and chemical 
changes on the surface. The reduction in the contact angle of the substrate after the 
plasma treatment may be due to two reasons (i) increase in the surface roughness 
and (ii) introduction of chemical functional groups on the surface. Exposure of the 
substrate surface to argon plasma generally results in physical ablation and 
activation of the surface. The physical changes are caused by ion sputtering and 
impinging of the energetic neutral species [36].  Therefore,  argon plasma treatment 
initially creates active sites on the surface and facilitate the formation of functional 
groups when treated with an oxygen plasma [258]. In an oxygen plasma, atomic 
oxygen is produced which is highly reactive. The atomic oxygen species generated 
in the oxygen plasma can interact with the activated surface to produce oxygen 
functional groups thereby increasing the wettability of the treated surface [233,
257].
4.3.2 Morphology of the spin-coated TiO2 thin films on untreated and plasma 
treated substrates
The optical microscopy and SEM images of the spin coated TiO2 thin films on the 
substrates with and without plasma cleaning is shown in Fig 4.4. As mentioned in 
WKHH[SHULPHQWDOVHVVLRQWKHWKLQILOPVDUHDQQHDOHGDWÛ&DIWHU spin coating. It 
was noticed that the films that were spin-coated on a plasma-cleaned substrate 
showed relatively fewer cracks, whereas the film on the substrate without plasma-
cleaning showed cracks and flaking.
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The cracks in the thin film are formed during the annealing step during which the 
solvent evaporates and the film tends to shrink, leading to crack formation. In order 
to improve the mechanical stability of the film and hence to minimise the cracks 
formed in the film while annealing, there should be a strong adhesion between the 
thin film and the substrate [259, 260]. The adhesion between the substrate and the 
film depends on the surface characteristics of the substrate and the interactions 
taking place at the interface. Therefore, the less cracks formed in the plasma 
cleaned substrate can be attributed to the physical and chemical changes caused by 
the plasma treatment. The argon plasma treatment may remove the surface 
contaminants and activate the surface for functionalisation. The oxygen plasma 
treatment of the surface causes an increase in polar functional groups like –OH and 
–COOH groups [261, 262]. Formation of the hydroxylated and/or carboxylated 
surface increases the wettability, which is in well agreement with the contact angle 
measurements. It has been reported that the increase in –OH groups can lead to 
good adhesion between the TiO2 thin film and the substrate [263]. This is because 
the surface functional group can lead to co-valent immobilisation of TiO2 on the 
substrate surface which can result in good adhesion between the thin film and the 
substrate [264, 265]. Therefore, the substrate that is cleaned only ultrasonically and 
not with plasma has poor wettability  and less functional groups to bind the film, 
that results in a poor coating adhesion and formation of more cracks [266].
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a) Thin film on untreated substrate b) Thin film on plasma cleaned substrate
c) Thin film on untreated substrate d) Thin film on plasma cleaned substrate
e) Higher magnification SEM image of TiO2 thin film deposited on 
plasma cleaned substrate .
Fig 4. 4 (a) and (b) Optical microscopy images of TiO2 thin film spin coated on 
untreated and plasma cleaned substrate respectively. (c) and (d) SEM images 
of TiO2 thin film spin coated on untreated and plasma cleaned substrate 
respectively. (e) Higher magnification SEM image of spin coated TiO2 thin 
film on plasm cleaned substrate. 
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A comparative study between Spin coated TiO2 (S-TiO2) and Commercial TiO2
(Com-TiO2)
4.3.3 Surface chemistry analysis of S-TiO2 using XPS 
The change in the surface of the TiO2 thin films after the oxygen plasma treatment 
was studied using XPS characterisation. The binding energy calibration of XPS 
signal was made by charge shifting the C1s signal to 284.6 eV for all the samples.
The Ti 2p spectra of the untreated and oxygen plasma treated S-TiO2 thin films are 
given in Fig 4.5. In the graph, a red line is used to show the main Ti 2p3/2 at around 
458.4 eV which makes it easier to identify the shifts in the peak after the oxygen 
plasma treatment.
The Ti2p spectra of the untreated S-TiO2 were fitted with two peaks located at 
around 458.4 eV (Ti 2p3/2) and 464.3 eV (Ti 2p1/2) binding energies. These peaks 
are the characteristic doublet peaks of Ti4+ in TiO2 [26]. The Ti2p peak of the 
plasma-treated samples shifted towards lower binding energies. This shift is 
attributed to the presence of a lower oxidation state of Ti4+ i.e. reduced Ti3+ state 
[25, 26, 251, 267]. The presence of a small shoulder peak around 456.7 eV is 
attributed to Ti3+ sates in TiO2 [25] .The concentration of the Ti3+ species generated 
and the relative ratio between Ti4+ and Ti3+ for the untreated and the plasma treated 
S-TiO2 films are presented in Fig 4.6. The highest concentration of Ti3+ is seen for 
the S-TiO2 film that was treated in CW whereas the lowest is for the sample that 
was treated in P mode. This can be understood by the fact that in the CW mode 
plasma there is continuous ion bombardment and interaction between the reactive 
species in the plasma and the TiO2 surface. This could result in destruction of O-
Ti-O bonds. When the plasma power in the continuous wave mode was increased 
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from 50 W to 100 W, the concentration of Ti3+ increased. High plasma energy 
results in more destruction of O-Ti-O bonds thereby increasing the Ti3+
concentration. In contrast, a negligible difference was noticed when the RF power 
was increased from 50 W to 100 W in the P mode. This finding can be explained 
by considering that the P mode of treatment is much milder than the CW mode. In 
order to verify the density of the functional groups on the surface the O 1s spectra 










(b) CW, 50 W for 4 min (c) CW, 100 W for 5 min 
(d) P, 50W for 40 min  (e) P, 100W for 50 min  
Fig 4. 5 High resolution Ti2p XPS spectra of spin coated TiO2 thin film before 
and after oxygen plasma treatments. A shift in the main Ti 2p3/2 peak can be 
noticed for all the plasma treated samples. 
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The XPS O1s spectra of the S-TiO2 thin films before and after the oxygen plasma 
treatment is shown in Fig 4.7. The O1s spectra of the untreated films were fitted 
with two peaks. The main peak at around 529.8 eV corresponds to lattice O2-
species, whereas the peak at 531.8 eV is commonly attributed to the hydroxyl 
groups (-OH) bonded to the surface [178]. This peak has also been attributed to the 
oxygen bound to Ti3+ species [25, 26, 268]. It can be seen that, irrespective of the 
mode of operation, oxygen plasma treatment increased the total amount of oxygen 
functional groups on the TiO2 surface as shown in Fig 4.8 a. The ratio between the 
bulk oxide species and the hydroxyl oxygen species (Fig 4.8 b) decreased after the 
oxygen plasma treatment. This is an indication of the increase in the density of 
hydroxyl functional group increased on the surface as a result of oxygen plasma 
treatment. The density of the functional groups grafted by the P-mode was higher 
than that of the CW-mode. In the P mode when the RF power was increased from 









Fig 4. 6 a) Concentration of the reduced Ti3+ state b) Relative ratio 
between Ti4+ and Ti3+ state for spin coated TiO2 thin film before and after 




(b) CW, 50 W for 4 min (c) CW, 100 W for 5 min 
(d) P, 50W for 40 min  (e) P, 100W for 50 min  
Fig 4. 7 XPS high resolution O1s spectra of spin coated TiO2 thin film 
before and after oxygen plasma treatment.
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The C1s spectrum was resolved into three peaks at binding energies of 284.6 eV, 
286 eV, and 288.8 eV and for all the TiO2 films (Fig 4.9). These peaks are assigned 
to C-C/C-H ( hydro carbon), C=O (carbonyl) and O-C=O ( carboxyl/ester), 
respectively [269]. The concentration of the surface hydrocarbons (shown in Fig 
4.9) in the plasma treated sample was almost 50 % lower than that in the untreated 
sample. This is an indication of removal of the surface organic contaminants after 
the plasma treatment. However, the carbon attached to the oxygen atoms increased 
slightly after the plasma treatment indicating the presence of surface functional 
groups 
(b)(a) 
Fig 4. 8 (a) Concentration of the OH functional groups b) Relative ratio 
between the lattice oxygen and hydroxyl groups for spin coated TiO2 thin 
film before and after the oxygen plasma treatment. 
Fig 4. 9 Concentration of carbon on the surface of untreated (control) and 
plasma treated S-TiO2. 
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From the above study, it can be summarised that when S-TiO2 was treated with 
oxygen plasma (i) hydroxyl functional groups were created on the surface (ii) some 
reduced Ti3+ charge state were noticed after the plasma treatment (iii) more 
functional groups were retained in the P mode when compared to CW mode 
whereas more Ti3+ sates were generated in the CW mode. The main reason for using 
the S-TiO2 as a reference is its relatively smoother surface is more suitable for the 
surface characterisation like XPS. Therefore it gave a better understanding on the 
changes caused by the plasma treatment on the TiO2 surface.  
4.3.4 Surface chemistry analysis of Com-TiO2 using XPS
It was found from S-TiO2 that the concentration of Ti3+ state was relatively higher 
when the TiO2 thin film was treated in CW mode. Therefore, in order to analyse 
the effect of RF power on generation of Ti3+ state and surface functional groups, 
the Com-TiO2 films were treated in CW mode with 50, 100 and 150 W RF power. 
The treatment time was maintained the same (2 min). For comparison, Com-TiO2
was also treated in P mode at 100 W for 20 min. The total plasma input energy for 
CW 100 W treatment and P 100 W treatment is the same because of the 10 % DC 
utilised in P mode. It should be noted that prior to oxygen plasma treatment all the 
samples were treated with argon plasma in CW mode for 1 min with 100 W RF 
power for surface cleaning and activation. The surface chemical changes before 
and the plasma treatment were analysed with XPS.
The Ti2p spectra of the untreated Com-TiO2 can be decomposed into two 
components at 458.8 eV and 464.4 eV (Fig 4.10). They corresponds to Ti 2p1/2 and 
Ti 2p3/2 in TiO2 [269] and is related to the Ti4+ states [25]. It was noticed that, after 
the oxygen plasma treatment, the Ti2p peak shifted to a lower binding energy (as 
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indicated with a red line that is positioned at 458.8 eV in all the graphs) and also a 
shoulder peak was detected at a lower binding energy as indicated with arrows in 
Figure 4.10 (b – e). The shoulder peak was located around 457.4 eV and is 
attributed to the presence of Ti3+ surface states [25]. This result is similar to that 
observed in case of S-TiO2.
In Fig 4.11 (a) and (b), the concentration of the reduced Ti3+ and the relative ratio 
between Ti4+ / Ti3+  are shown for the untreated and  the oxygen plasma treated 
Com-TiO2 It can be seen that more Ti3+ surface states were created by CW mode. 
With increment in the RF power, the concentration of Ti3+ increased and the highest 
concentration of about 2.7% was found for the Com-TiO2 treated with 150 W. It 
was also found that the Com-TiO2 films treated with the P mode merely had any 
Ti3+ surface states. This finding is similar to that of S-TiO2 and the possible reason 




(b) CW, 50 W for 2 min (c) CW, 100 W for 2 min
(d) CW, 150 W for 2 min (e) P, 100 W for 20 min 
Fig 4. 10 XPS high resolution Ti2p spectra of commercial TiO2 thin film 
before and after various oxygen plasma treatment.
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Fig 4.12 shows typical XPS O1s binding energy spectra obtained for the untreated 
and the oxygen plasma treated Com-TiO2. The surface atomic composition of Com-
TiO2 before and after the plasma treatment was determined form the XPS spectra. 
The O1s spectra for the untreated C-TiO2 was fitted with  one main peak at around 
529.9 eV whereas the peak for the oxygen plasma treated C-TiO2 samples were 
resolved into two peaks at around 529.6 eV and 531.5 eV. These peaks corresponds 
to  bulk oxide species (O2-) and hydroxyl species (OH) respectively [270]. This 
clearly indicates that hydroxyl groups were implanted on the surface of TiO2 after 
the oxygen plasma treatment.
(a) (b)
Fig 4. 11 a) Concentration of the reduced Ti3+ state b) Relative ratio 
between Ti4+ and Ti3+ state for spin coated TiO2 thin film before and 




(b) CW, 50 W for 2 min (c) CW, 100 W for 2 min 
(d) CW, 150 W for 2 min 
(e) P, 100 for 20 min 
Fig 4. 12 XPS high resolution O1s spectra of commercial TiO2 thin 
film before and after various oxygen plasma treatment. 
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The concentration of OH functional group and the relative ratio between the bulk 
oxide and hydroxyl species are shown in Figs. 4.13 (a) and (b) respectively. The 
concentration of the functional groups was found in the following order: P-100 ~ 
CW-50 > CW-100 > CW-150. The P-mode plasma-treated samples and the samples 
treated with the lowest power in CW mode retained more functional groups. This 
indicates that the lower energy input in CW-50 had an effect similar to that of P-
100. This is because, in a CW mode with a low RF power, the intensity of the ion 
bombardment is small enough to not destroy the plasma-generated free radicals, 
therefore retaining almost  the same amount of the functional groups as that of the 
P-mode treatment [271]. As the RF power was increased from 50 W to 150 W in 
CW, the concentration of the functional group decreased. 
(a) (b)
Fig 4. 13 a) Concentration of the OH functional groups b) Relative ratio 
between the lattice oxygen and hydroxyl groups for spin coated TiO2
thin film before and after the oxygen plasma treatment.
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Interaction between plasma and TiO2 surface (Discussion) 
From the XPS results the following interpretations were made (i) the surface of 
TiO2 was functionalised with hydroxyl groups (ii) pulsed-plasma-modified samples 
had more functional groups, (iii) CW mode of operation generated some Ti3+
surface states along with the surface functionalisation, and (iv) the surface 
hydrocarbons were removed by plasma treatment facilitating surface modification. 
The possible reasons for these observations are discussed here.
The interaction of plasma with the solid surface of TiO2 is a complex process and 
in general, it can be divided into several phases, namely, initiation, propagation, 
termination and reinitiation [20]. The initiation process mainly happens in the gas 
phase. In this stage free radicals, ions, atoms and UV photons are produced by 
collision of energetic electrons or ions with molecules. The propagation step can 
occur both in the gas phase and on the surface. In the gas phase, it involves the 
interactions between the radicals, ions and molecules in ion-molecule and radical-
molecule reactions whereas on the solid surface it involves the interaction between 
the ions and radicals with the surface. The formation of the final product is the 
termination step. Reinitiation develops when the radicals again enter the reaction 
chain which might happen due to the impact of energetic particle or by photon 
absorption.
Gas phase reactions
Based on the above understanding, the process of ionisation, dissociation and 
excitation the reactive species such as ions, radicals, neutrals and UV photons are 
produced in the gas phase. 
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Some possible fundamental reactions involved in the production of reactive species 
in an oxygen plasma are listed in Table 4.3 [272, 273].
Reaction type Reaction name Reaction
Electron impact Ionizations O2 + e O2+ + 2e
O2 + e                O2-
O + e                 O-
Excitation O2 + e O2* + e
Dissociative ionisation O2 + e                O + O+ + 2e
Dissociation O2 + e 2O + e
Detachment O + e                 O-
Dissociative attachment O2 + e O + O-
De-excitation O2* 2KȞ
Recombination O + O- O2 + e
Table 4. 3 Possible fundamental reaction equations in the production of reactive 
species in an oxygen plasma.
 
Interface reactions
(i) Formation of oxygen containing functional groups 
The formation of the hydroxyl groups on the surface of TiO2 is due to the presence 
of the reactive species in plasma which includes electrons, anions (O-), cations 
(O2+), excited molecules (O2*), atomic oxygen  (O), neutral species (O2) and UV 
SKRWRQVKȞ>@7KHDWRPLFR[\JHQSUHVHQWLQWKHSODVma is extremely reactive 
to hydrocarbons. It easily abstracts hydrogen from the C-H bonds and produces 
hydrocarbon radical sites. In addition, the UV photons and the ion bombardment 
on the surface can produce additional radical sites. The radical sites have a very 
high affinity towards the atomic oxygen, molecular oxygen and OH radicals, which 
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are often available in the chamber by the mere presence of residual water vapour 
(e.g. humidity). Consequently, heterogeneous surface reactions takes place during 
and after plasma treatment, leading to the formation of oxygen containing 
functional groups like hydroxyl (-OH), Carbonyl ( =C=O / C-O / C=O), or carboxyl 
groups (O-C=O-) [40].
(ii) Formation of surface charge sates
The Ti4+ can be formed by two ways. One is when a Ti4+ receives a photoelectron, 
which can be generated by UV radiation [274] or plasma treatment [275], another 
is when oxygen is lost from the TiO2 surface . The loss of oxygen from the TiO2
lattice needs a reducing environment like treating with H2 whereas here oxygen 
plasma is used. 
In our results, it was noticed that the concentration of Ti3+ states were relatively 
high when the treatment mode was CW (see Fig 4.6.a, for S-TiO2 and 4.11.a, for 
C-TiO2). This is an indication that this effect must have resulted from disruption of 
some O-Ti-O bonds on the surface. The plasma contains energetic electrons, 
positive ions and neutrals. Bombardment of the surface with these particles can 
cause the energy to be transferred to the lattice atoms [20]. In CW mode, there is a 
continuous bombardment of these energetic particles on the TiO2 surface which can 
lead to breaking of some covalent bonds on the surface [276]. Therefore, it may be 
suggested that the continuous interaction between the energetic species in plasma 
and the TiO2 surface lead to breaking of O-Ti-O bonds, consequently the Ti3+ states 
were formed. In case of the Com-TiO2, it was noted that the concentration of Ti3+
increased with the increase in the RF power. High energy input increases the 
electron energy leading to increased chemical reactions. Therefore, this may 
increase the interactions and lead to the generation of more Ti3+ species.
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Effect of plasma mode
From the XPS results, it was found that (i) more functional groups were retained 
during P mode and (ii) more Ti3+ states were generated during the CW mode of 
treatment. The reason for this observation is that the total energy input in CW mode 
is higher when compared to the P mode. This is because in the P mode there is 
plasma “on” and “off” time (schematic representation in Fig 4.14 a.). Hence, the 
plasma interaction with the surface can be divided into two phases. The first phase 
of the reaction is when the plasma is “on”, during which the reactive species are 
created and the surface is activated by the bombardment of highly energetic ions 
and UV photons. The second phase of reaction happens when the plasma is “off”. 
During the “off” time, sufficient time is provided for the radicals and the atomic 
species to interact with the activated surface and the destruction caused by the 
charged particles and UV photons are minimised. Based on this understanding a 
schematic representation of the reactions in P mode is shown in Fig 4.14 b. In this 
study, a 10% duty cycle was used where the plasma on time is 1 ms and off time is 
10 ms. This duty cycle was selected based on the previous studies from our group 
[19, 44]. Therefore, the prolonged “off” time provided enough time for the 
decaying reactive species to interact with the activated TiO2 surface to form the 
surface functional groups. This si the reason for observing relatively higher surface 
functional groups on the surface of plasma mode treated TiO2..  In the CW plasma, 
the production of the OH radicals were accompanied by their destruction due to the 
continuous ion bombardment. This reduces the formation of functional groups on 
the surface of TiO2 [233]. Besides in CW mode, the plasma is constantly on, 
resulting with continuous ion bombardment and UV radiation resulting in 
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formation of surface charge states [40]. Hence, more Ti3+ states were generated 
during the CW mode. For the P mode (as shown in Fig 4.14), the plasma on time is 
short. The reactive active species are generated in the gas phase during the on time 
and during the prolonged off time. This is a possible explanation for formation of 
relatively more functional groups during the pulse mode.
(a) 
(b)
Fig 4. 14 Schematic representation of (a) Pulsed plasma and (b) possible 
reactions during plasma “on” time and “off” time.
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4.3.5 Surface wettability of S-TiO2 and Com-TiO2
In order to understand the change in wettability caused by the surface plasma 
treatment, the water contact angle was measured for the untreated and plasma 
treated Com-TiO2 and S-TiO2 and the results are presented in Fig 4.15.
The changes in surface wettability were investigated by studying the change in the 
water contact angle for 10 sec. It was noticed that the contact angle decreased, for 
both the Com-TiO2 and S-TiO2, after the plasma treatment. The contact angle of the 
untreated Com-TiO2 VXUIDFHZDVDERXWÛÛDQGUHPDLQHGWhe same for 10 sec. 
After the plasma treatment, the water drop spread almost completely on the surface 
DQGWKHFRQWDFWDQJOHUHGXFHGWRDERXWÛDQGEHORZ)RU6-TiO2 thin films, the 
FRQWDFWDQJOHRIWKHXQWUHDWHGILOPVZHUHDERXWÛÛZKLFKUHGXFHGWRas low as 
Û7KHGHFUHDVHLQWKHFRQWDFWDQJOHRIWKHSODVPDWUHDWHGVXUIDFHLQGLFDWHVWKDW
the surface energy of TiO2 film, after plasma treatment increased  for water, which 
is directly related to the presence of hydrophilic oxygen containing polar groups ( 
-OH groups) on the TiO2 surface [261]. This is perhaps due to the change in the 
surface chemistry of TiO2 after the plasma treatment which is in well agreement 
(a) (b)
Fig 4. 15 Water contact angle measurement of (a) untreated (0 W) and 
plasma treated commercial TiO2 (b) untreated (0 W) and plasma 
treated spin coated TiO2.
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with the XPS results. However, the change in wettability can be associated with 
physical and/or chemical changes and these two aspects are inspected respectively. 
4.3.6 Morphology of S-TiO2 and Com-TiO2 films
SEM analysis
SEM was used to observe the possible physical changes in the TiO2 surface induced 
by the plasma treatment. The morphologies of the untreated and plasma treated 
Com-TiO2 and S-TiO2 films are shown in Fig 4.16 and Fig 4.17 respectively. From 
Fig 4.16 (a) and (b), it can be inferred that the oxygen plasma treatment did not 
induce any significant change in the morphology of TiO2. It is also evident that the 
Com-TiO2 consisted of a mixture of smaller and larger particles (Fig 4.16 c). The 
smaller particles were around 15 to 20 nm whereas the larger particles were in the 
range of 70 nm. The larger particles may have been employed in the commercial 
TiO2 films in order to give increased light scattering [277]. The use of  large 
particles has been one of the successful strategies to enhance the light harvesting 
effect and thus to improve the efficiency of the solar cells [242].
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A similar trend was noticed for S-TiO2 which is shown in Fig 4.17. There was no 
detectable change in the morphology of the samples after the oxygen plasma 
treatment. The S-TiO2 film consisted of a continuous TiO2 network and the grains 
were all well interconnected. 
a) b)
c)
Fig 4. 16 SEM images of commercial TiO2 (a) Control (b) Oxygen 




From the SEM images it was observed that the film surface basically kept its 
original appearance. This is due the used 100 W RF power, whose electron energy 
distribution function only shows a modest high energy tail. This specifically chosen 
power is not high enough to cause significant physical structural change while it 
still allows surface modification/functionalisation to happen [231, 271]. However, 
some changes in the nanometre scale may have happened on the surface which is 
hard to observe by SEM. Therefore AFM analysis was done.
a) b)
c)
Fig 4. 17 SEM images of spin coated TiO2 (a) Control (b) 





In order to further examine the effect of plasma treatment on the physical structure 
of TiO2 thin film surface, AFM analysis was done. The root mean square (RMS) 
surface roughness of the samples were also measured. For the purpose of the 
comparison, the same vertical scale was used in the comparative images. 
AFM images of an untreated Com-TiO2 and S-TiO2 are shown in Fig 4.18. The 
surface of S-TiO2 is relatively smoother than the Com-TiO2. As mentioned in the 
introduction of this chapter, this was the main reason for using S-TiO2 thin film as 
a reference sample for the comparative study. The smoothness of the S-TiO2 film 
made it more suitable for surface analysis techniques, such as XPS [278, 279].
As shown in Fig 4.18, the Com-TiO2 possess much higher surface roughness with 
respect to S-TiO2. It is known that if the structures are > 50 nm and the spacing are 
reduced, the surfaces have anomalous effect on wettability [280]. If surface are 
hydrophilic these structures leads to super hydrophilic values of water contact 
angle. This finding explains why Com-TiO2 after oxygen plasma treatment become 
super hydrophilic.
(a) (b)
Fig 4. 18 AFM images of a (a) control and (b) oxygen plasma (100 W) 
treated commercial TiO2.Fig 4. 13 AFM images of an untreated (a) 
Commercial TiO2 (b) Spin coated TiO2.
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In order to examine the change in surface roughness induced by plasma treatment 
on Com-TiO2, higher magnification AFM images were recorded (over an area of 
400 nm2) as shown in Fig 4.19. The measured RMS roughness values of plasma 
treated Com-TiO2 are presented in Fig 4.20. A slight increase in the roughness 
values were noticed for the plasma treated samples. This may be because of the 
removal of the surface contaminants, which might have been masking the detailed 
surface features, by the plasma treatment. 
(a) (b)
Fig 4. 19 AFM images of a (a) control and (b) oxygen plasma 
(100 W) treated commercial TiO2.




Similar trend was noticed in S-TiO2 films (Fig 4.21) For S-TiO2, the surface 
roughness (Fig 4.22) of the CW treated samples were relatively higher than the 
samples treated in P mode. This is perhaps due to the relatively higher energy of 
the plasma in CW mode. 
(a) (b)
Fig 4. 21 AFM images of a (a) control and (b) oxygen plasma 
(CW, 100 W) treated S-TiO2.




From the morphological studies, it was inferred that the oxygen plasma treatment 
did not induce any significant physical structural change but caused a slight 
variation in the surface roughness which might have resulted due to the removal 
of the surface contaminants. 
4.3.7 Crystal phase analysis 
The XRD patterns of the untreated and plasma treated Com-TiO2 and S-TiO2 films 
are shown in Figures 4.22 (a) and (b) respectively. The JCPDS references for 
anatase and rutile phases are 00-021-1272 and 00-021-1276. The peaks 
corresponding to tin oxide observed in the XRD pattern of Com-TiO2 are attributed 
to the fluoride doped tin oxide conducting film on the substrate. The S-TiO2 film 
consisted of about 85% anatase and 15% rutile phase whereas the Com-TiO2 films 
consisted of 100% anatase. It was also observed that there was no significant shift 
in the characteristic diffraction peaks before and after the plasma treatment, in both 
Com-TiO2 and spin-coated TiO2 films. The XRD results suggested that the oxygen 
plasma treatment of TiO2 thin films did not change the crystal lattice parameters 
and also did not result in any significant phase change. This is because the plasma 
treatment was carried at room temperature and for a short period.
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b) Spin coated TiO2
a) Commercial TiO2




4.3.8 Solar cell characterisations
4.3.8.1 Dye adsorption efficiency of plasma treated electrodes (Com-TiO2)
The surface of TiO2 (Com-TiO2) was functionalised using an oxygen plasma in 
order to increase the amount of dye loaded on its surface. Therefore, a dye 
desorption test (as explained in chapter 3 under section 3.6) was conducted to 
examine the variation in amount of dye loading on an untreated and plasma treated 
surface. 
The optical absorption spectra of the desorbed dye solution of the untreated and 
plasma treated Com-TiO2 are shown in Fig 4.24. The dye used in this study for 
solar cell characterisation is N719 dye. For comparison, the UV-Vis absorption 
spectra of N719 dye is presented in Fig 4.24 (a). In the optical absorption spectra, 
the peaks around 380 nm and 511 nm are characteristic of N719 dye.
An increase in the amount of dye desorbed from the plasma treated Com-TiO2 was 
noticed. This shows that the amount of adsorbed dye increased after plasma 
treatment, irrespective of the mode of the plasma treatment. From the absorption 
spectra of the desorbed dye from the plasma treated Com-TiO2 (Fig 4.24 (b)), the
order of the amount of dye desorbed from the electrodes with various treatments is 
control < CW-50 < CW-100 = CW-150 < P-100. This trend is almost similar to the 
concentration of the functional groups as calculated from the XPS spectrum (see 
Fig 4.12). In average, about 24 % higher dye loading was observed for the plasma 
treated Com-TiO2.
It has been suggested that the N719 dye preferentially adsorbs on the OH sites. 
Carboxylate bonds are formed between the terminal carboxylic group present in the 
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dye molecule and the OH sites present on the TiO2 surface [249, 281]. Different 
possible models for the anchoring mechanism between the dye and the TiO2 surface 
have been proposed (Fig 4.25a) [66]. All these mechanisms involve the surface 
hydroxyl groups that bind with the dye molecule via an electrostatic H-bonding 
[66]. The surface plasma treatment increased the number of OH sites on the surface 
of TiO2, which can provide more hydrogen bonds to connect the dye molecules to 
the TiO2 (as shown in Fig 4.25.b). The development of this H- bonding with Ti-OH 
and COO- groups stabilises the dye molecule on the surface of TiO2 [73, 108, 270,
281]. Therefore, the intentional creation of the OH groups via the oxygen plasma 
treatment has resulted in more dye adsorption. 
(b)
(a)
Fig 4. 24 UV-Vis absorption spectra of (a) only the N719 dye (for 




4.3.8.2 Incident photon to electron conversion efficiency test
The incident photon to electron conversion (IPCE) is a measure of the external 
quantum efficiency, which is defined by the ratio of number of electrons in the 
external circuit produced by an incident photon at a given wavelength. The IPCE 
spectra of DSSCs with the untreated and plasma treated Com-TiO2 are shown in 





Fig 4. 25 a) Molecular structure of N719 dye b) Some of the possible 
anchoring modes between N719 dye and TiO2 surface [63].
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This is the characteristic of DSSC assembled with N719 dye. It was observed that 
there is an upward shift in the IPCE curve for the DSSCs assembled with plasma 
treated electrode compared to that of the untreated Com-TiO2 electrode. DSSC with 
CW-100 Com-TiO2 showed the highest IPCE value which was about 34% higher 
at 500 – 550 nm wavelengths than the untreated Com-TiO2. The IPCE can be 
evaluated by the following equation [282]
IPCE = A݊inj܏coll (4)
Where A is the absorbance that refers to the fraction of the incident light absorbed 
by the dye molecule, ݊inj is the electron injection efficiency which is the probability 
that the excitation of a dye molecule leads to injection of electron into the 
conduction band of TiO2 and is the charge collection efficiency. Among these 
parameters, A and ݊inj are directly related to the dye loading on the TiO2 surface. 
From the dye desorption test (previous section) the amount of increase in the dye 
loading was confirmed. Therefore, the increment in the IPCE value in 500- 550 nm 
wavelength range is attributed to the increased dye absorption on the plasma treated 
electrode. Increased light absorption combined with enhanced electron transport 
properties can lead to increased light harvesting efficiency of the solar cell [25,




4.3.8.3 I-V characterisation of DSSC
Fig 4.27 shows the I-V characteristic curve for DSSCs assembled with the untreated 
and oxygen plasma treated Com-TiO2 electrode (CW, 100 W for 2 min) and the 
samples are referred to as plasma treated in the figures. This condition was chosen 
because from the XPS results it was found that the CW 100 W treatment generated 
Ti3+ states along with surface functionalisation whereas Com-TiO2 treated with 
pulsed plasma had only functional groups but no Ti3+ sates.
The solar cell parameters measured under the illumination of AM 1.5 simulated 
sunlight are summarised in Table 4.4. The DSSC with untreated TiO2 electrode 
showed the least performance compared to the plasma treated electrode, with a 
short circuit current density (JSC) of 9.1 mA/cm2 and an overall conversion 
HIILFLHQF\܏RI7KHSODVPDWUHDWPHQWRI7L22 caused an improvement in 
Fig 4. 26 Incident photon to electron conversion efficiency of DSSCs 
assembled with untreated and plasma treated commercial TiO2 electrodes.
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the photocurrent density of DSSC up to 10.6 mA/cm2 with an overall conversion 
efficiency of 4.3%. This 13% increase in the overall efficiency of DSSC with 
oxygen plasma treated Com-TiO2 is attributed to the surface modifications caused 
by the plasma treatment. The Jsc values calculated according to the IPCE spectra 
and the J-V curves were the same. 
Parameters Untreated Plasma treated
Voc (mV) 622±18 629±13
Jsc (mA/cm2) 9.1±1.4 10.6 ±0.9
Fill Factor 0.67±0.02 0.64±0.04
Efficiency (%) 3.8±0.5 4.3±0.7
Table 4. 4 I-V characteristics of the DSSCs prepared with untreated and plasma 
treated commercial TiO2 electrodes; Jsc is short circuit current, VOC is open circuit 
voltage.
Fig 4. 27 I-V characteristic curves for DSSCs assembled with untreated and 
plasma treated commercial TiO2 electrodes.
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4.3.8.4 Study of charge transfer properties at the interfaces in DSSC via EIS 
analysis
The Electrochemical impedance spectroscopy (EIS) is a powerful tool to clarify the 
electronic and ionic transport properties in DSSCs [284]. It is a steady state method 
to measure current response based on the application of AC voltage at different 
frequencies [246, 285]. The EIS measurements provide valuable information for 
the understanding of photovoltaic parameters (JSC, VOC))DQG܏RIWKH'66&
Herein, the EIS was used to analyse the charge carrier dynamics in the interfacial 
regions of solid-liquid layers and the effect of surface modifications caused by 
plasma treatment of the photo electrodes on the performance of DSSC. The EIS 
measurements were taken in dark.
As indicated in Fig 4.28, a typical EIS spectrum exhibits three semicircles in 
Nyquist plot or three characteristic frequency peaks in a Bode phase angle 
presentation. In order of increasing frequency, the features are attributed to the 
FKDUJH WUDQVIHU UHVLVWDQFH DW WKH 3WHOHFWURO\WH LQWHUIDFH Ȧ1Ȧ2), charge transfer 
resistance at the TiO2/dye/electrolyte interface Ȧ3) and redox couples diffusion 
(not clearly visible) [247, 248]. Since in this study, the electrolyte, the counter 
electrode and dye were kept the same, a variation in the diameter of the second 
semicircle is of prime importance here. The diameter of the second VHPLFLUFOHȦ3)
illustrates the interface charge transfer resistance at TiO2/dye/electrolyte. 
The diameter of the second semicircle in the Nquist plot (Fig 4.28) increased for 
the DSSC with the oxygen plasma treated electrode, which is an indication of 
reduction of the interfacial charge recombination rate [286]. As the dye molecule 
is adsorbed on the TiO2 surface forming a monolayer coating, more dye molecules 
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loaded means less uncovered TiO2 surface which is the charge recombination site. 
The plasma treated TiO2 electrode had more dye loadings, therefore a lower 
recombination rate compared to the control electrode.
The electron life time can be deduced from the Bode phase plot (Fig 4.29). The life 
time of electrons in the TiO2 ILOPĲn) can be estimated according to the equation
Ĳn ʌImax) (5)
where fmax LV WKHPD[LPXPIUHTXHQF\RI WKHPLGIUHTXHQF\SHDNȦ3) [245]. As 
shown in Fig 4.29, the fmax value slightly shifts to lower frequency for the DSSC 
with plasma treated electrode. The electron life time values estimated are 10.5 and 
10.9 ms for the DSSC with untreated and plasma treated electrodes respectively. 
Relatively longer lifetime of electrons in the plasma treated electrode could be due 
to the increased electron transport rate as the consequence of surface charge sates.
ʘ1/ʘ2 ʘ3
Fig 4. 28 EIS analysis – Nyquist plot for the DSSCs with untreated and oxygen 
plasma treated TiO2 electrode.
118 
 
Effect of plasma treatment on photovoltaic performance of DSSC (Discussion)
From the analysis of the photovoltaic performance of DSSC with untreated and 
plasma treated Com-TiO2 electrodes the following deductions were made 
(i) Effect of  generation of hydroxyl functional groups
From the I-V measurements it was noticed that, the short circuit current of the 
DSSC with the plasma treated electrode (10.6 mA/cm2) was higher than that of 
untreated electrode (9.1 mA/cm2). The observed increase in the short circuit 
current density can be directly related to the increased dye loading on the 
plasma treated electrode, which is in well agreement with the dye desorption 
and IPCE test results. The photo current can be increased by increasing electron 
injection and electron transport properties.
ʘ3
ʘ1/ʘ2 
Fig 4. 29 EIS analysis – Bode phase plot for the DSSCs with untreated and 
oxygen plasma treated TiO2 electrode.
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The oxygen functional groups (mainly, hydroxyl groups) acts as the binding 
sites for the dye molecule to anchor to the surface of TiO2. They connect with 
the carboxyl group (COO) in the dye molecule through hydrogen bonds [66,
287]. The chemically bonded COO group is considered to be the only way to 
pass the photo generated electrons from the excited dye to the TiO2 electrode 
[73, 250]. Therefore, upon oxygen plasma treatment, the hydroxyl group on the 
TiO2 surface is increased. This can promote the adsorption of the dye by 
forming hydrogen bonding between the dye and TiO2 via the reaction between 
the terminal carboxylic group in the dye and hydroxyl group in TiO2 [71]. This 
is the reason for observing a 24% increase in the amount of dye loading on the 
surface of plasma treated electrodes (Fig 4.26). This bonding mechanism can 
substantially regulate the interfacial charge transfer between the exited dye 
molecule and TiO2 surface.
The improved charge transfer properties were confirmed by the EIS studies. As 
shown in Fig 4.28, the increase in the diameter of the second semicircle 
indicated the reduction in the interface resistance at the. The interface resistance 
(at TiO2/Dye/Electrolyte)  reduces when more electrons are injected into the 
conduction band of TiO2 electrode [288] and/or when the electron transfer in 
the TiO2 electrode is enhanced [289]. As a result of more dye loading on the 
plasma treated electrode, more sunlight can be absorbed consequently, 
generating more electrons. Therefore, more photo generated electrons were 
transferred from the excited dye molecule to the conduction band of TiO2. 
Consequently, reducing the corresponding resistance at the interface [288, 290].
Increase in the dye loading can also have another positive effect on the charge 
transfer properties. More dye molecules on the TiO2, the less surface is exposed 
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to the electrolyte. This means less possible recombination between the electrons 
in the TiO2 and electrolyte.
(ii) Effect of change in the surface chemical sates
The enhanced performance of the DSSC with plasma treated electrode can be 
partly attributed to the presence of the Ti3+ surface states. The XPS results of 
the plasma treated Com-TiO2 confirms the presence of Ti3+ species. From the 
literature it is understood that the strongly polarised Ti3+ species introduce 
electrons into the conduction band of TiO2 [25, 291] which can play a role in 
electron transport. There are several modes of electron transfer, including 
diffusion, hopping, tunnelling and a trap-detrap mechanism [291-293],  and it 
has been suggested that the photo-injected electron can flow easily through the 
Ti3+ sites on TiO2 by the trap-detrap mechanism [120]. This may have 
contributed to the improved charge transfer in the plasma treated electrode.
In our study, a slight increase in the VOC value was found for the DSSC with 
the plasma treated photo anode. Theoretically, VOC is determined by the light 
induced difference between the Fermi level of TiO2 and the redox potential of 
the electrolyte [68]. For a DSSC, these fermi levels are related with the redox 
potential of the electrolyte and the conduction band edge of TiO2. Herein, the 
electrolyte was fixed, therefore, the change in VOC could have resulted from the 
change in the fermi energy level of TiO2 due to the presence of Ti3+ states. 
However, the extent of modification of the fermi level in the plasma treated 
electrode was not measured. 
But it should be noted that lower recombination losses can also contribute to 
increase in the open circuit voltage [294]. In other words, by retarding the back 
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electron reaction with the electrolyte the VOC can be increased [9]. This can be 
achieved by prohibiting the direct contact between the electrolyte and the TiO2
surface or by increasing the electron life time in the electrode. Therefore, the 
electron life time which is the average time for recombination of an electron in 
TiO2 with the electrolyte or adsorbed on TiO2 was estimated [295]. The 
estimated values from the bode plots were 10.5 and 10.9 ms for the DSSC with 
untreated and plasma treated electrodes respectively. This relatively longer 
electron lifetime in the DSSC with the plasma treated electrode, is an indication 
of reduced recombination losses which is in well agreement with the Nquist 
plot results. Hence, it can be suggested that the presence of Ti3+ state have 
played a role in improving the electron transport properties in the photo anode. 
4.4 Summary
Oxygen plasma was used to introduce oxygen functional groups, particularly, 
hydroxyl groups on the surface of TiO2. Compared to untreated TiO2, a 24% 
increase in the amount of dye loading was found in the plasma treated TiO2. This, 
consequently, increased the solar-to-electric energy efficiency of DSSC with 
plasma treated electrode to 4.3%, which is a 13% increase when compared to the 
DSSC with untreated electrode.
This increase in the efficiency was mainly attributed to the functionalisation of the 
TiO2 electrode caused by the plasma treatment. The hydroxyl functional groups can 
immobilise the dye molecules on the surface of TiO2 via hydrogen bonding. Hence, 
functionalising the TiO2 surface increased the amount dye loading and improved 
bonding between the dye and TiO2.
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Secondly, it was also found that a small fraction of Ti4+ states on the surface were 
reduced to Ti3+ state after the plasma treatment. The generated surface charge sates, 
and the increased amount of dye was found to have improved the electron transport 
properties and reduced the recombination losses at the Dye/TiO2/electrolyte 
interface of the solar cell. From the EIS studies, it was found that the resistance at 
Dye/TiO2/electrolyte interface reduced after the plasma treatment. The lifetime of 
the electrons increased from 10.5 ms for untreated commercial TiO2 to 10.9 ms in 
a plasma treated commercial TiO2.
In order to understand the interaction between plasma and the TiO2 surface, a 
comparative study was conducted between a spin coated TiO2 thin film and the 
commercial TiO2 electrode. The reason for using the spin coated TiO2 thin film was 
its relatively smoother surface has been considered to be more suitable for the 
surface analysis technique like XPS. Under the same energy input, compared to 
continuous wave plasma mode pulsed mode retained more functional groups on the 
surface. On the other hand, continuous wave mode treatment generated more Ti3+
states along with functionalising the TiO2 surface.
In order to confirm the role of Ti3+ state, a nitrogen doping study was conducted. 
The intention of doping TiO2 with nitrogen was to increase the Ti3+ state and also 
to tune the energy band gap of TiO2 which is presented in the next chapter.
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Chapter 5 Nitrogen doping of TiO2, to tailor the energy band gap, using a 
cold plasma plus heat treatment
5.1 Introduction
In Chapter 4, it was shown that oxygen plasma treatment can introduce oxygen 
functional groups, particularly hydroxyl groups on the surface of commercial TiO2
which increased the amount of dye loading, subsequently leading to a solar-to-
electric energy conversion efficiency of the dye sensitised solar cells. This 
enhanced performance was mainly due to effect of functionalisation but partly due 
to the surface charge Ti3+ surface charge states that were formed during the surface 
plasma treatment which may have contributed to the improved electron transport 
properties in the solar cell [296].
It is presumed that nitrogen atoms are substituted for oxygen atoms in the TiO2 
crystal lattice thereby generating some reduced  Ti3+ states in TiO2 [297].
Therefore, to generate more Ti3+ states and to alter the energy band gap of TiO2, in 
this study, TiO2 was doped with nitrogen. And the chemical and optical absorption 
properties of doped TiO2 were investigated. 
Heating TiO2 in N2 and/or NH3 DWPRVSKHUHDWHOHYDWHGWHPSHUDWXUHÛ&IRUD
prolonged treatment of time is the mostly commonly used method to prepare 
nitrogen doped TiO2 [126, 130]. But high temperature treatment can lead to particle 
agglomeration and surface area reduction. On the other hand, few reports have been 
made on using nitrogen plasma for doping purpose [135, 202]. But the amount of 
nitrogen doping has been found to be low. In order to address both these issues, 




A unique plasma plus thermal (P + T) system was developed which uses cold 
plasma and heat to dope nitrogen into TiO2. This P + T system , offers the 
advantage of controlling the structural and chemical property of  the samples [27].
In order to pursue the nitrogen doping study, a well-defined TiO2 thin films were 
necessary. Therefore, a reactive DC magnetron sputtering was used to deposit TiO2
thin films. The magnetron sputtering process is known to produce thin films with 
high mechanical durability, strong adhesion and uniformity [298], while offering 
ease in controlling the physical, chemical and structural properties of the film. 
Hence, the objective of this study can be subdivided as (i) to reactively sputter a 
well-defined TiO2 thin film using a DC magnetron sputtering system (ii) to 
successfully dope nitrogen into TiO2 using P+T system (iii) to understand the 
synergic effect of plasma + heat in the doping process (iv) to understand the 
interaction of plasma species in the process of doping and (v) to examine the energy 
band gap change caused by nitrogen doping. These objectives were achieved by 
varying the treatment conditions like temperature, plasma input energy and 
working gas. X-ray electron spectroscopy (XPS) was used to characterise the 
elemental composition and binding environment of nitrogen in TiO2 after doping. 
XPS depth profiling was done to study the depth of the doping process achieved 
using the P+T system. To study the doping effect and energy band gap shift, the 
UV-Vis reflectance was measured and the energy band gap were estimated using 
Tauc plot. The crystal phase change were examined using XRD and the physical 




5.2.1 Deposition of TiO2 thin film – Using a DC magnetron reactive 
sputtering system
The TiO2 thin films were deposited using a custom built PVD system, where DC 
magnetron was used (details are given in chapter 3). A 99.9 % pure Titanium target 
was used and plasma was generated using Ar (flow rate = 8 SCCM) / O2 (flow rate 
= 5 SCCM) gas mixture. The base pressure in the chamber was 2 X 10-6 mbar. The 
target was cleaned with Ar plasma with the shutter closed for 5 mins prior to any 
deposition in order to get rid of the surface oxide layer. For the target cleaning the 
Ar gas flow rate was 15 SCCM and the chamber pressure was maintained at 5 x 10-
3 mbar. The power used for target cleaning was 100 W (voltage 500 V and the 
applied current 200 mA).  After the target was cleaned the chamber was rinsed with 
the working gas mixture three consecutive times. For depositing a TiO2 thin film, 
the chamber pressure was maintained at 7 x10-3 mbar. In order to investigate the 
growth of a crystalline film, the substrate temperature was varied in the range of 
WRÛ&$6LVXEVWUDWHZDVXVHGIRU;36DQGPRUSKRORJLFDODQDO\VLVZKHUHDV
a glass slide was used as a substrate in order to do the optical studies. The deposition 
time was kept 30 min. The thin films were deposited at 100 W (500 V and 200 
mA). A DC pulsed was used to avoid the charging effect caused by the continue 
mode as well as to increase the deposition rate. The deposition rate was found to be 
around 1.5 nm/min for pulsed DC.
5.2.2 Nitrogen doping of TiO2 – Using a P+T system
Nitrogen doping of the TiO2 thin film was carried using a custom built P+T system 
that has been explained in chapter 3.
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The electrodes were cleaned thoroughly using a soap solution and then 
ultrasonically using DI water and dried completely in oven. The samples were 
loaded on the cleaned electrodes. The samples were always placed in the lower 
electrode which was grounded. The chamber was evacuated to a base pressure of 1 
x 10-3 mbar .The experiment were carried out at a chamber pressure of                        5
x 10-2 mbar Prior to any experiment and after any gas change after the experiment, 
the chamber was rinsed with the working gas to flush out the previous gas. The 
flushing out was done by increasing the pressure to 3.0 mbar and then pumping 
down to the base pressure three consecutive times. The RF power supply was 
maintained at 100 W for all the experiments. The details of the experimental 
conditions are given in Table 5.1.
7KHWHPSHUDWXUHZDVUDLVHGDWWKHUDWHRIÛ&SHUPLQDQGFRoled down gradually 
for all the experiments. The schematic of the experimental method is shown in Fig 
5.1. The treatment was done using two gases a mixture of  N2 + 15 % H2 and 100 
% N2.The intention of using a small amount of hydrogen in the plasma is (a) to  
give a reducing effect by causing removal of oxygen and there by reinforce nitrogen 
uptake [27, 136, 299-302] and/or (b) to form reactive NHx radicals for the same 
purpose. After the plasma treatment the samples were cooled down in the N2









1. N2 + 15% H2
N2 + 15% H2
N2 + 15% H2













2. N2 + 15% H2
N2 + 15% H2
(no plasma)










3 N2 + 15% H2
N2 + 15% H2


















Table 5. 1 Plasma treatment conditions for the sputtered TiO2 thin film.
Fig 5. 1 Schematic of the experimental method
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5.3 Results and discussion
Characterisation of sputter deposited TiO2 thin film
5.3.1 XRD analysis of TiO2 thin film reactively sputtered at different 
substrate temperatures
TiO2 thin films were reactively sputtered on heated Silicon substrates and the 
influence of the substrate temperature on the crystalline phase of the deposited thin 
film was analysed with XRD.
;5'SDWWHUQVRIWKLQILOPUHDFWLYHO\VSXWWHUHGDWÛ&Û&DQGÛ&DUH
presented in Fig 5.2. Regardless of the temperature, the deposited thin films 
displayed diffraction peaks which means the film are crystalline.  The diffraction 
SHDNDWș ÛLVDWWULEXWHGWRDQDWDVHSKDVHDVSHUWKH-&3'6FDUGQXPEHU-
021-1272. The intensity of the anatase peak increased for the thin film reactively 
VSXWWHUHGDWÛ&ZLWKDVPDOOUXWLOHSHDNDWș ÛDVSHU-&3'6FDUGQXPEHU
00-021-1276). However, an anatase-rutile mixed phase with rutile as the dominate 
phase was found in the TiO2 thin film deposited at ÛC.




Generally, as for TiO2WKHDQDWDVHSKDVHFDQEHIRUPHGDERYHÛ&ZKLOHIRU
WKH UXWLOH WKH WHPSHUDWXUHKDV WREHDERYH Û&+RZHYHUKHUHLQ WKHDQDWDVH
phase formed at substrate temperature between 250 - Û&DQGWKHUXWLOHSKDVH
DSSHDUHGDWÛ&
The crystallization of thin films mainly depends on two key factors: the substrate 
temperature and energy of the sputtered ions impinging on the substrate [303-307].
Among these two factors, substrate heating is well-known for growing crystalline 
thin films. This is because, from thin film nucleation and growth theory, the energy 
of the nucleation sites is a function of temperature [308]. The phase of growth is 
determined by the energy of the nucleation site. In general, the energy required to 
grow anatase phase is less compared to rutile. The surface Gibbs free energy of 
anatase phase is lower than that of rutile phase, therefore, TiO2 initially prefers to 
nucleate into anatase phase rather than into rutile [309, 310]+HUHLQDWÛ&
anatase peak was noticed and the intensity of the peak increased as the temperature 
LQFUHDVHGWRÛ&ZKLFKLVDQLQGLFDWLRQRILQFUHDVHLQWKHFU\VWDOOLQLW\RIWKHILOP
The TiO2 WKLQILOPVJURZQDWÛ&ZKLFKFRPSULVHGPRVWO\RIDQDWDVHSKDVHZDV
used for nitrogen doping because of two reasons (i) anatase TiO2 is generally 
preferred as a photo anode material for the solar cells and (ii) we would like to 
investigate the change in the crystal phase in the nitrogen doped TiO2.
5.3.2 Effects of temperature on nitrogen doping
The TiO2 thin films were treated with N2+H2 plasma between temperature 300 –
 Û& IRUPLQ7KLVZDVGRQH LQRUGHU WRXQGHUVWDQG WKHYDULDWLRQ LQGRSLQJ




The surface chemical composition of TiO2 thin film before and after nitrogen 
doping were determined from the XPS spectra. A typical XPS survey spectra for 
the untreated and plasma treated TiO2 thin films are presented in Fig 5.3. No 
evidence of nitrogen was observed in the survey spectrum of the untreated TiO2
thin film. After the plasma treatment, nitrogen atoms were detected in the survey 
spectrum (denoted with a red arrow in the figures) in all the treated samples. 
Besides, a small amount of Fe was detected in the plasma treated samples, which 
may be produced by sputtering of the steel electrodes.
High resolution N1s spectra of the untreated and plasma treated TiO2 thin films are 
shown in Fig 5.4. Clearly, no nitrogen atoms were detected in the control samples. 
The N1s spectra of the plasma treated samples were resolved into two peaks, around 
the binding energies 395.8 and 402.3 eV. The peak around 396 eV was attributed 
to the formation of Ti-N bond (lattice nitrogen) and that around 402 eV is attributed 
to N in N-N, N-C and N-O bond (surface nitrogen) [136, 138]. It can be seen that 
in all the plasma treated surface, the intensity of the peak around 402 eV was higher 
than the peak around 396 eV. This means the contaminant nitrogen species are 




















As shown in Fig 5.5, on the surface, molecular nitrogen was found to be higher 
when compared to doped nitrogen species for all the samples. The molecular 
nitrogen can be attributed to physically bound nitrogen which probably originated 
from the N2 gas flow that was used while cooling process of the plasma treated 
samples. Their presence on the surface excludes their role in the extended optical 
response of nitrogen doped TiO2 in the range of visible light [134]. Therefore, Ar+
cleaning was done in-situ XPS to get rid of the surface contaminants and to find 
out the actual amount of doped nitrogen species. Approximately 4 nm of the TiO2
surface was etched in-situ XPS and then the N1s spectra was recorded which is 
presented in Fig 5.6.
As shown in Fig 5.6, N1s spectra, after XPS in-situ cleaning, had two peaks 
around the binding energies 396.7 eV and 403.1 eV, which again indicates the 
presence of nitrogen in two different chemical states. The N1s peak around 396.7 
Fig 5. 5 N concentration, as measured by XPS, in TiO2 after (N2 + H2) plasma +
KHDWWUHDWPHQWIRUPLQDWÛ&Û&Û&DQGÛ&,QWKH)LJXUHWKH
contaminant nitrogen species (around 402 eV binding energy) are referred to as




eV is generally known as the nitride peak and has been assigned to nitrogen atoms, 
which substitute for oxygen in the TiO2 lattice [311, 312]. The intensity of the 
peak around 396 eV was found to be higher for N2+H2-400-5 TiO2 when compared 





Fig 5. 6 N1s spectra, after XPS in-situ cleaning, from the surface of TiO2, 




The atomic concentration of the different nitrogen species, after the XPS in-situ 
cleaning, is shown in Fig 5.7. After the removal of the surface contaminants, the 
concentration of the doped nitrogen was found to be higher compared to that of the 
molecular species. The highest doping amount of 2.7% was found in N2+H2-400-5
TiO2. As the temperature was increased further, a gradual decrease in the doping 
FRQFHQWUDWLRQZDVQRWLFHG$WÛ&WKHOHDVWGRSLQJDPRXQWRIZDVQRWLFHG
This means nitrogen doping of TiO2 occurs preferentially at 4Û&ZKLOHXVLQJ
the P+T system. This may have resulted due to the crystal phase change in TiO2
while treating at high temperature
5.3.2.2 Change in crystal phase of TiO2 - XRD analysis
The change in the crystalline property of untreated and plasma + heated treated 
TiO2 were analysed with XRD and the results are presented in Fig 5.8. For the 
untreated TiO2 sample, the diffraction peaks can be well indexed (based on JCPDS 
Fig 5. 7 N concentration, after XPS in-situ cleaning, in TiO2 after 
(N2 + H2SODVPDKHDWWUHDWPHQWIRUPLQDWÛ&Û&
Û& DQG  Û& ,Q WKH )LJXUH WKH contaminant nitrogen species
(around 402 eV binding energy) are referred to as surface nitrogen 




card numbers 00-021-1272 and 00-021-1276 for anatase and rutile respectively) to 
the anatase phase mixed with a very low concentration of rutile phase. Compared 
to the untreated TiO2 the nitrogen doped samples exhibited a slight peak 
broadening. This can be attributed to the lattice strain and distortion caused by the 
nitrogen uptake during the doping process [313]. In some samples peaks at around 
ÛZDVQRWLFHGDQGZDVDWWULEXWHGWR6LOLFRQVRPHILOPVFUDFNHGGXULQJKDQGOLQJ
leading to the exposure of the substrate. For the 5 min treatment time there was no 
substantial difference in the phase composition between films treateGDWÛ&DQG
Û&7KHSURSRUWLRQRIUXWLOHFU\VWDOSKDVHZDVIRXQGWRVOLJKWO\KLJKHUIRUWKH
VDPSOHV WUHDWHG DW  Û& DQG  Û& ZKHQ FRPSDUHG WR XQWUHDWHG ILOP 7KLV
suggested that nitrogen doping may have promoted the phase transition from 
anatase to rutile at low annealing temperature [202].  A strong increase in the 
intensity of the rutile peak was noticed DWÛ&DQd , at Û& DQGÛ& rutile 
phase was found to be dominant than anatase. This indicated that treating of TiO2
at higher temperature facilitated the phase transition thereby reducing the doping 
concentration as indicated by XPS results.
Fig 5. 8 XRD patterns of control (untreated) TiO2 thin films control




Effect of temperature on nitrogen doping (Discussion) 
)URPWKH;36DQG;5'UHVXOWVLWZDVIRXQGWKDWDWÛ&EHVWGRSLQJFRQGLWLRQV
were obtained without causing much transformation in the crystalline phase of 
TiO2, while at temperature lower there is no efficient doping.
It was noticed that as WKH WHPSHUDWXUHZDV LQFUHDVHGIRUP Û& WRÛ& WKH
amount of doping increased. This is because for any chemical reaction to take place 
on the surface, a minimum threshold energy has to be given. This is the activation 
energy for the surface reaction. In our case, this activation energy is given by both 
plasma + heat. It is well known that the anatase phase is thermodynamically 
unstable and it starts to change to more thermodynamically stable rutile phase under 
high temperature. Usually this temperature UDQJHLVDERYHÛ&+HUHLQWKLVSKDVH
WUDQVLWLRQLVQRWLFHGDWDUHODWLYHO\ORZHUWHPSHUDWXUHRIDERXWÛ&7KLVPD\
have resulted from the interaction of plasma species with the TiO2 surface.
The active species at plasma edge, near the surfaces, are mostly energetic electrons, 
positive ions and neutrals. Plasma surface interaction can be categorised into two 
types [20] . One type of interaction takes place relatively far from the surface in 
which the electronic excitation energy of the particles dominates. The second type 
of interaction takes place in closer proximity to the surface where penetration of 
the particles from the plasma in to the crystal lattice takes place. This type involves 
the kinetic energy of the interacting particles. When an energetic ion bombard the 
solid surface energy is transferred to the lattice atoms which causes moving of the 
lattice atoms. This can promote chemical reactions that either do not proceed at all 
or proceed very slowly under ambient conditions. Upon contact with the surface, 




with an energy of 100 eV [20]. Here a N2+H2 plasma is used for the treatment, 
which contains N2+ ions along with the other reactive species. The energy of the 
impinging N2+ ion can be as high as 100 eV. As consequence of this momentum 
transfer, the substrate either is heated up and continuous active sites (free radicals) 
can distort bonds. These are the reason why we started to see phase transition at 
Û&
7KHUHDVRQIRUQRWLFLQJGHFUHDVHLQQLWURJHQGRSLQJDWÛ&DQGÛ&LVEHFDXVH
of the phase transition. It is well known that the rutile phase of TiO2 is 
thermodynamically stable. Hence the possibility of bond distortion and 
accommodation of nitrogen into TiO2 was decreased.
In addition, the bombardment of energetic particles can also affect the chemical 
reactions occurring on the surface and their rates. Although, plasma contains UV 
photons and neutrals, electrons and ion bombardments are considered to be the 
most effective in promoting the chemical reactions on the substrate. Ion 
bombardment promotes mixing of atoms near the surface through the momentum 
transfer. This is the reason for nitrogen doping when the thin films were treated 
with the N2+H2 plasma along with heat. Therefore, the synergic effect has to be 
examined.
5.3.3 Synergic effect of plasma and heat treatment on nitrogen doping
In order to find the synergic effect of plasma and heat treatment, a comparison was 
made between the following treatments: TiO2 thin film was treated (a) only with 
N2+H2 plasma and no temperature (i.e. only plasmaERQO\ZLWKKHDWDWÛ&
in N2+H2 atmosphere (only heat) and (iii) with N2+H2 SODVPDDWÛ&12+H2-
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400-30) i.e. (plasma + heat7KHWHPSHUDWXUHZDVFKRVHQDVÛ&EHFDXVHIURP
WKHSUHYLRXVVHFWLRQLWZDVIRXQGWKDWHIIHFWLYHGRSLQJRFFXUVDWÛ&ZLWKRXW
causing significant change in the crystal phase of TiO2 and all the treatments were 
conducted for 30 min.
5.3.3.1 XPS studies
The XPS survey spectra of TiO2 that was treated with only heat, only plasma and 
plasma + heat combined is shown in Fig 5.9. A strong N1s peak was observed only 
in TiO2 thin film that was combinely treated with plasma and plasma whereas for 
only plasma treatment a relatively small peak was noticed (indicated with a red 
arrow in the figure). There was no N1s peak for the sample treated only with heat. 
This indicated that the doping was successful when both plasma and heat energy 
was combined.
(b) Only plasma
(c) Plasma + heat
(a) Only heat
Fig 5. 9 XPS surface survey spectra of TiO2 thin films treated for 30 min with
(a) only heat (b) only plasma and (c) plasma + heat.
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In order to examine the bonding environment of nitrogen in the treated TiO2, high 
resolution N1s spectra was recorded (Fig 5.10). The N1s peak of TiO2 thin film that 
was treated only with plasma has a broad small peak around 402 eV. Generally, the 
N 1s peak at binding energies above 400 eV are attributed to oxidised or molecular 
nitrogen species which are present in the form of NO, NO2 or N2 [139] . For TiO2
that was treated with both plasma and heat, the N1s region was resolved into two 
well defined peaks at 396.1 and 402.6 eV and these peaks were attributed to lattice 
nitrogen (O-Ti-N) and surface nitrogen species (N-N/N-O) respectively [314]. No 
nitrogen peaks were observed in TiO2 thin film that was subjected to only heat 
WUHDWPHQWÛ&IRUPLQ
(c) Plasma + heat
(b) Only plasma(a) Only heat
Fig 5. 10 High resolution N1s spectra of TiO2 thin films treated for 30 min 
with (a) only heat (b) only plasma and (c) plasma + heat.
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As shown in Fig 5.11, only the plasma + heat treated TiO2 contained doped nitrogen 
the density of doped nitrogen 1.9% and that of surface nitrogen species was about 
3.7%. The density of surface nitrogen species the only plasma treated TiO2 was 
about 1.5%.
As explained in the previous section, in-situ XPS cleaning was done, in order to get 
rid of the surface contamination and then the N1s spectra of the cleaned TiO2
surfaces were taken (Fig 5.12). Apparently, only plasma + heat treated TiO2 had 
the nitrogen peaks. The intensity of the peak around 396 eV increased after surface 
cleaning when compared to the uncleaned surface. This is an indication that the 
actual nitrogen doping in TiO2 is more when compared to that of the uncleaned 
TiO2 surface. The peak at 403.3 eV have been assigned to nitric oxide or nitrogen 
mono oxide (N-O) species [139].
Fig 5. 11 N concentration, as measured by XPS, in TiO2 thin films
treated for 30 min with     only heat, only plasma and plasma + heat.
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The concentration of lattice nitrogen was 6% for plasma + heat treatment (see 
Figure 5.13). It was also found that there were no nitrogen on the only plasma 
treated TiO2 after the in-situ cleaning (Fig 5.13). This means that the N-O /N-N
species that were present in the uncleaned surface of only plasma treated TiO2 was 
the surface species which did not go any deeper in the TiO2 thin film.
(a) Only plasma (b) Plasma + heat
&ŝŐϱ͘12 High resolution N1s spectra, after XPS in-situ cleaning, of TiO2 thin films
treated for 30 min with (a) only plasma and (b) plasma + heat.
Fig 5. 13 N concentration, after XPS in-situ cleaning, in TiO2 thin films 
treated for 30 min with only heat, only plasma and plasma + heat.
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The content of C, O, Ti and N of TiO2, as detected by XPS, after the in-situ 
cleaning, is presented in Table 5.3. The untreated TiO2 thin film had no nitrogen 
atoms, only the plasma + heat treated TiO2 contained nitrogen. The O content 
reduced from ~67% in untreated TiO2 to 63% for TiO2 that was treated with only 
plasma. This is an indication that some O atoms was removed after the plasma 
treatment. This may be because of the presence of H+ in N2+H2 plasma which is a 
reducing environment. However, a 30% decrease in O concentration was noticed 
for plasma + heat treated TiO2 when compared with untreated TiO2. During doping, 
N atoms replaces the O atom in the TiO2 lattice [315]. Hence the reduction in O 
concentration was noticed in the plasma + heated treated TiO2 which agrees well 
with the N1s spectra (Fig 5.12) and confirms the formation of O-Ti-N bonds in 
TiO2.
Sample C Ti O N
Control 
(untreated)
1.0 32.1 66.9 -
Only plasma 0.8 36.7 62.6 -
Plasma + heat 0.7 41.0 51.2 7.2
Table 5. 2 Atomic concentration of C, Ti, O and N in untreated and treated TiO2
thin films.
Synergic effect of plasma + heat treatment (Discussion) 
From the XPS results it was found that (i) doping could not be achieved by only 
plasma treatment or only heat treatment and (ii) doping was achieved by combining 
both plasma and heat treatment.
The P+T system used in this study is a tubular reactor with parallel plate inside 
electrodes (explained in detail in Chapter 3 under the section 3.2.2). A simpler 
version of the reactor with the parallel plate electrode set up is presented in Fig 
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5.14.a. By applying RF power, a high quantity of negative charges accumulate on 
the surface of both electrodes. This is due to electron mobility which is higher than 
the ion mobility owing to their low mass. This negative charge starts to attract the 
heavy positive ions in the plasma towards the substrate surface. This results in a 
potential drop on the surface of the electrodes (Fig 5.14 b) [316]. In the case of a 
tubular reactor with a capacitive coupling this potential drop is as high as size of 
the peak to peak voltage when the electrodes have the same area (symmetric 
parallel plate electrodes). Therefore, the increase in the potential drop accelerates 
the positive ions towards the TiO2 surface. This will result in ion bombardment 
with sufficient energy to break most of the chemical bonds. This explains the 
decrease in the concentration of O in TiO2 that was treated with only N2+H2 plasma 
(see table 5.3).
Fig 5. 14 (a) Simple schematic of the parallel symmetric reactor set up in P+T system 





Some of the possible gas phase reactions are presented below,
N2 + e N + N + e (1)
H2 + e H + H + e (2)
H+N2 NH + H (3)
Among the generated plasma species, N+, N2+ ions are very heavy ions. The energy 
of these bombarding ion cab be as high as 100 eV. When ions of high energy hit 
the surface it leads to lattice distortion or bond breaking [20]. Therefore, the Ti-O
bonds become weaker or forms radical sites which is ready for chemical reaction. 
This agrees well with the XPS results, because in the TiO2 that was treated only 
with N2+H2 plasma the concentration of O decreased but there was no nitrogen. 
This shows that the surface has been activated by bond breaking but the energy was 
not sufficient energy to initiate chemical reaction. Hence, we suggest that only 
plasma treatment have triggered the surface and have set it ready for the chemical 
reaction. 
For any surface chemical reaction there is always a rate constant which is given by 




Where k is the rate constant, A is pre-exponential factor, EA is activation energy, R 
is the gas constant and TS is the substrate temperature. EA is the minimum energy 
required for a chemical reaction to occur. Increasing the substrate temperature is 
one way to increase the rate constant.  But, here in, when TiO2 was treated only 
ZLWKKHDW DW Û& IRUPLQ WKHUHZDVQRQLWURJHQGRSLQJ 7DEOH7KLV
implies that the applied energy was not enough for initiating the chemical reaction 
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to take place. There could be two possible reasons for this (i) enough time was not 
provided for the reaction to take place and (ii) the activation energy is too high on 
the surface and hence the applied substrate temperature was not sufficient to 
increase the reaction rate.
Synergy
It is well known and generally accepted [20, 317] that when plasma and heat are 
combined (i) the activation energy required to initiate chemical reaction on the 
surface of TiO2 is reduced which is because of the creation of activation sites by 
the ion bombardment (ii) the heat caused an increase in the substrate temperature 
there by increasing the rate constant of the reaction. It should also be noted that in 
addition to the applied surface temperature, plasma will also have an energetic 
effect due to the continuous bombardment of ions which can increase the free 
energy of the surfaces. Therefore, when plasma was used in synergy with heat, the 
rate of chemical reaction was increased on the surface of TiO2. Based on this 
understanding a schematic representation of the possible chemical changes on the 
TiO2 surface that could happen while plasma + heat treatment is shown in Fig 5.15. 
This explains the successful doping of nitrogen in TiO2 lattice under plasma + heat 
treatment (see XPS results in Table 5.3).
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5.3.3 Effect of treatment time on nitrogen doping
In order to examine the effect of treatment time in the amount of nitrogen doping 
and crystal phase change, TiO2 thin films were treated for 5 min, 15 min and 30 
min DW  Û& with N2+H2 plasma. The samples were named as N2+H2-400-5, 
N2+H2-400-15 and N2+H2-400-30 for 5, 15 and 30 min treatment respectively. The 
RF power (100 W) was kept the same for all the treatments.
5.3.3.1 XPS studies
Typical XPS surface survey spectra of TiO2 thin films treated with (N2+H2) plasma 
DWÛ&IRUPLQPLQDQGPLQLVSUHVHQWHGLQ)LJ1VSHDNZDV
Fig 5. 15 Schematic representation of possible chemical changes 




detected in the surface of all the three treated TiO2. This indicates that regardless 
of the treatment, nitrogen was doped into TiO2 lattice after the N2+H2 + heat 
treatment. 
It was also noticed the concentration of Fe increased with the treatment time. To 
further examine the chemical environment of the nitrogen species, a high resolution 
N1s spectra was taken from the surface of TiO2, after XPS in-situ, cleaning and the 
results are shown in Fig 5.17.
(a) (b)
(c)




It was noticed that the intensity of the N 1s peak around 396 eV linearly increased 
with the increase in the total input energy of the plasma. This means that the 
concentration of nitrogen doping increased with the increased total input energy. 
The highest density of doped nitrogen about 6% was found in TiO2 that was treated 










Fig 5.19 presents the depth profile of TiO2 thin films treated with (N2+H2) plasma 
DWÛ&IRUPLQPLQDQGPLQ,WZDVQRWHGWKDWWKHQLWURJHQFRQFHQWUDWLRQ
increased with the etch time which shows that it is underneath the superficial C and 
O. Depth profile was taken by etching TiO2 surface with Ta2O3. For the set 
parameters in XPS, the etch rate was approximately 0.38 nm per second. Therefore, 
45 s etch time can reach about 30 nm in depth in the films. Nitrogen was seen up 
to approximately 45 s of etch time (shown in Fig 5.20). This a rough indication that 
the nitrogen was doped within 30 nm of the thin film. It was interesting to see that 
the increase in the treatment time increased the concentration of nitrogen within ~ 
30 nm thickness, not any further in depth of the thin film. It was also found that 
reduction in the concentration of O matched the increase in N concentration. This 
indicated that nitrogen atoms were substituted in the place of oxygen atoms. 
&ŝŐϱ͘18 N concentration measured, after XPS in-situ cleaning, for TiO2 thin 




(a) 5 min treatment (b) 15 min treatment
(c) 30 min treatment
&ŝŐϱ͘19 XPS depth profiling of TiO2 thin films treated with (N2+H2) plasma at 400 ȗC for 
(a) 5 min (b) 15 min and (c) 30 min.





Fig 5.21 illustrates the XRD patterns of untreated and (N2+H2) plasma + heat 
treated TiO2 thin films. The crystal phase composition in the thin films were 
estimated using the X-pert software and the results are summarised in Table 5.4. It 
was found that the composition of the rutile phase increased with the plasma 
treatment time. The thermodynamically unstable anatase phase tends to transform 
to the rutile phase when subjected to high temperature. Usually this transformation 
RFFXUV DW  Û& DQG DERYH [318]. Because at higher temperature, Ti-O bond 
breaking and creation of new bonds occur. But in our case, due to the combined 
effect of plasma and heat phase transition started to occur at low temperature. The 
increase in the treatment time can increase the interaction of the plasma with the 
surface of TiO2. A slight peak broadening was noticed for nitrogen doped TiO2 thin 
films which  can be attributed to the lattice strain and distortion caused by the 
nitrogen uptake during the doping process [313].
Fig 5. 21 XRD patterns of untreated and N2+H2 plasma + heat treated TiO2











Table 5. 3 Summary of the crystal phase composition for untreated and N2+H2
plasma + heat treated TiO2 thin films at 5 min, 15 min and 30 min treatment time.
5.3.3.4 Surface roughness
The change in the physical structure of the TiO2 thin films before and after the 
plasma + heat treatment were analysed using AFM. As seen in Figure 5.22, the 
surface roughness of the TiO2 thin film increased when compared to the untreated 
TiO2 thin film. And the roughness value increased with the increase in the treatment 
time. This change in the roughness is a consequence of the ion impact on the solid 
surface. This further confirms the ion bombardment on the surface of TiO2.
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5.3.4 Effect of working gas on nitrogen doping
In order to highlight the presence of H in the N2+ H2 in doping process , TiO2 thin 
films were treated with plasma + heat using N2 and N2 + H2 as working gas. For 
the purpose of comparison the temperature and the treatment time was kept constant 
DWÛ&DQGPLQUHVSHFWLYHO\7he sample treated with N2 and N2+H2 plasma 
were named as N2-400-5 and N2+H2-400-5 respectively.
5.3.4.1 XPS Studies
The N1s spectra, after in-situ XPS cleaning, of the treated TiO2 thin films are 
presented in Fig 5.23. The N1s peak of the treated TiO2 thin films were resolved 
(a) (b)
(c) (d)
Fig 5. 22 AFM images of TiO2 (a) Untreated and N2 + H2 plasma + heat




into two peaks around the binding energies 396.6 eV and 403.3 eV and are 
attributed to the formation of Ti-N bond and other surface N species such as N-N
and N-O bond [137]. The intensity of the peak around 396 eV for N2+H2-400-5 was 
found to be higher than N2-400-5. This is an indication that more nitrogen was 
doped in the presence of N2+H2 when compared to N2 as working gas. The density 
of the nitrogen species determined by XPS are shown in Fig 5.23. It was found that 
the total doping content of N2 doped samples were much lower than the N2 + H2
plasma treatment. The doped N concentration in N2+H2-400-5 is considerably 
higher compared to N2+H2-400-5 TiO2. This means that the nitrogen doping is more 
efficient when hydrogen is present in the working gas mixture. As shown in Fig 
5.24, the doped nitrogen was less than 2% for N2 treatment whereas N2+H2 treated 
TiO2 had about 3% .This may be due to NH radical formation, present in the N2+H2
plasma which play a vital role in the nitrogen doping process [20]. Because addition 
of hydrogen to the plasma enhances the formation of Ti-N in crystallographic 
phases. Hydrogen plays a role in reducing the oxygen in TiO2 lattice and thereby 
make nitrogen easily to substitute in the  oxygen vacancy sites [138].
(b)(a)
Fig 5. 23 N1s spectra, after XPS in-situ cleaning, of TiO2 treated for 5min with
(a) N2 + H2 and (b) N2 as working gas.
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The chemical reactions inside the plasma reactor and the properties of the final 
product can be affected by the plasma variables like working gas, flow rates, 
chamber pressure, electrical discharge power and frequency. In our study except 
the working gas everything else was kept the same. Therefore, the change in the 
amount of doping is a consequence of the difference in the formation of reactive 
species and their interaction with the TiO2 surface. The atomic O percentage after 
N2+H2 plasma treatment is lower than N2 treatment (Table 5.5). This indicated that 
reduction procedure is favoured more with N2+H2 plasma treatment. This is 
because of the presence of H in the working gas. Miao et al [138] reported that 
hydrogen can play an important role on reducing the oxygen in TiO2 crystal lattice 
thereby making nitrogen easily to substitute. Therefore it is presumed that H in the 
plasma created more oxygen vacancy sates leading to more nitrogen doping. 
Fig 5. 24 N concentration, after XPS in-situ cleaning, of TiO2
treated for 5min with N2 + H2 and N2 as working gas.
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Sample C Ti O N
Control 
(untreated)
1.0 32.1 66.9 -
N2+H2-400-5 0.7 40.2 54.8 4.3
N2-400-5 0.7 40.3 56.7 2.3
Table 5. 4 Elemental composition of N2+H2-400-5 and N2-400-5 TiO2, after in-
situ XPS cleaning.
5.3.5 Band gap analysis of nitrogen doped TiO2
In order to examine the change in the optical property of nitrogen doped TiO2 UV-
absorption spectra was recorded.
Fig 5.25 (a) illustrates the optical absorbance spectra obtained by the diffuse 
reflection of TiO2 thin films. Compared with the spectra of the untreated TiO2, the
absorption of the nitrogen doped TiO2 increased in the visible region. The increase 
in the visible light absorption is an indication of the band gap narrowing [319]. The 
absorption peak started to shift towards the visible region for nitrogen doped TiO2
and a second absorption peak was found in 450 - 550 nm wavelength region. This 
second abortion peak around 450 -550 nm is attributed to the presence of oxygen 
vacancy sites in TiO2 [140, 301]. However, a Tauc plot was used to estimate the 
energy band gap of the TiO2 thin films before and after nitrogen doping.
Tauc plot is one of the most widely used methods to estimate the energy band gap 
of a material which is based on a relational expression proposed by Tauc, Davis 
and Mott [320] . The equation is as follows




Eg is band gap energy and A is proportional constant. The value of n is ½ for the 
semiconductors where direct transition is allowed. Therefore the above relational 
expression becomes
ĮKȞ2  $KȞ– Eg) (7)
$FXUYHLVSORWWHGZLWKĮKȞ 2 DVDIXQFWLRQRIKȞZDYHOHQJWKRISKRWRQ7KHEDQG
gap energy of the samples were calculated by extrapolating the linear portion of the
SORWĮKȞ2 verses KȞWRWKHĮKȞ2 = 0 axis [138, 238, 321].
(a)
(b)
Fig 5. 25 (a) Optical absorbance spectra of untreated and plasma treated TiO2 thin films 




Tauc plot for the untreated and the nitrogen doped TiO2 thin films are shown in 
Fig 5.25 (b). The band gap energy of an untreated (control) TiO2 was estimated 
to be 3.23 eV which is a characteristic of an anatase TiO2. The energy band gap 
of TiO2 decreased after nitrogen doping and the least of about 2.7 eV was found 
for the N2+H2-400-30 TiO2.This is an indication of the intermediated band 
levels introduced by the nitrogen doping. However, two levels were noticed for 
all the nitrogen doped TiO2. The second energy level was located around 2.10 
eV for all the samples.
It has been suggested that the substitution doping of N for O in the TiO2 lattice 
would yield band gap narrowing as a consequence of mixing of N 2p states with 
the O 2p states because their energies are very close [126]. The N 2p states 
introduces impurity energy level that is isolated above the valence band 
maximum of TiO2 [130]. These sates are considered to be the acceptor sates 
[322]. This result is in well agreement with our XPS results, where we 
confirmed the substitutional nitrogen doping of TiO2.
Secondly, it has been shown that nitrogen doping can cause oxygen vacancy 
sites [297] in TiO2 which in our case was confirmed from the XPS results where 
the reduction in the O concentration after the plasma treatment process was 
shown. The oxygen vacancies in TiO2 lattice can introduce donor sates that are 
located below the conduction band of TiO2 which also is held responsible for 
the visible light absorption [202, 323, 324]. This could be the reason for the 
second energy level, in Tauc plot, around 2.10 eV in the nitrogen doped TiO2
samples (see Fig 5.25 b). The Tauc plot indicates the presence of the 
intermediate energy sates however, the localised states can be estimated by 
calculating the density of states using simulations [126].
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Based on the above understanding, a schematic representation of the energy 
band diagram for nitrogen doped TiO2 obtained from P+T system is presented 
in Fig 5.26. Thus, it can be suggested that the band gap narrowing and visible 
light absorption of nitrogen doped TiO2 is a result of (i) nitrogen doping – that 
could introduce acceptor sates above the valence band maximum and (ii) 
oxygen vacancies – that could introduce donor like sates below the conduction 
band of TiO2.
 
Fig 5. 26 Energy band gap diagram of TiO2 and nitrogen doped TiO2
 
5.4 Summary
In this study, a well-defined crystalline TiO2 thin film was deposited using a DC 
magnetron sputtering system. The crystal phase of the deposited TiO2 thin film, as 
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determined by XRD, was found mostly in anatase when the substrate temperature 
was at Û&
Nitrogen doping of TiO2 thin films was successfully achieved by a unique plasma 
plus heat treatment. There was no doping when TiO2 thin films were treated only 
with plasma or only with heat. The XPS results confirmed the nitrogen doping.  
About 3 % doping was achieved for 5 min treatment with N2+H2 SODVPDDWÛ&
From the XRD results it was found the crystallinity of the thin film started to 
transform from anatase to rutile as the treatment temperature was increased from 
Û&+LJKHVWQLWURJHQGRSLQJRIDERXWZDVDFKLHYHGIRUPLQWUHDWPHQW
The nitrogen doping amount was higher when N2+H2 was used as working gas 
when compared to N2. From the optical studies and band gap estimation, the energy 
band gap reduced after nitrogen doping and the visible light absorption increased. 
The presence of energy level at around 2.10 eV for the doped TiO2 revealed the 
presence of oxygen vacancy sites after the doping process.
Testing of DSSC with the nitrogen doped TiO2 was difficult at this stage. Some of 
the issues encountered are set out. It was found that treating a commercial TiO2
electrode in the P+T system, resulted in etching of the conducting oxide layer that 
is lying under the TiO2 layer. A schematic of Schematic of a commercial TiO2
electrode that is used in DSSC is shown in Fig 5.27. As a consequence of etching 
the conductivity of the electrode was reduced in addition to the contamination of 
the TiO2 surface. This may be due to the bombardment of the energetic ions. In 
order to overcome this issue masks (Fig 5.28) were made with mica and stainless 
steel. But, it was very difficult to align the TiO2 surface and the mask window. In 
addition it was hard to load the sample inside the chamber. However, nitrogen 
doped TiO2 has been used by others as a photo electrode in DSSC [124, 125, 325]
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and has been demonstrated that nitrogen doping yielded a better photovoltaic 
performance when compared to pristine TiO2. Some of the advantages of having a 
nitrogen doped TiO2 electrode, as reported in the literature are : introduction of 
additional states near the valence band of TiO2 leading to visible light absorption 
[133] , improved incident photon to electron conversion efficiency in the visible 
(400 -500 nm) region [125], enhanced charge transfer properties due to the extra 
path ways introduced by the nitrogen atoms [143] and reduction of the trap cites 
due to substitution of oxygen by nitrogen [124]. It have also been suggested that 
nitrogen doped TiO2 can retard the charge recombination at the 
TiO2/dye/electrolyte interface by supressing the reduction of I3- on the TiO2
electrode [122]. We have also demonstrated that energy band gap change in the 
nitrogen doped TiO2. Therefore, the P+T system used in this study to dope nitrogen 



















Fig 5. 27 Schematic of a commercial TiO2 electrode that is used in
DSSC (a) side view (b) top view.
Fig 5. 28 Masking of the conducting oxide layer
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 Chapter 6 Reactively sputtered crystalline TiO2 thin film, at low 
temperature, as a blocking layer in planar heterojunction perovskite solar 
cell
6.1 Introduction
The efforts to develop a highly efficient DSSC have led to the use of organometal 
halide perovskites as light absorber instead of the dye and these solar cells are called 
perovskite solar cells (PSC) [156, 157]. Owing to its very high light absorbing 
characteristics, the organometal halide perovskites can render a very high solar-to-
electricity conversion efficiency. 
The solar cell architecture of an all solid state PSC is as follows. First, a TiO2 
blocking layer is deposited on a conductive glass substrate (fluorine doped tin oxide 
(FTO) has been usually used as the conductive oxide). Perovskite layer is then 
coated by a gas assisted spin coating and the films were annealed. Followed by spin 
coating of HTM layer. Finally, a gold metal layer was deposited by thermal 
evaporation [234]. In this planar heterojuction PSC architecture, the TiO2 blocking 
layer plays a very important role. It plays the role of accepting the photo generated 
electrons from the excited perovskite light absorber and transports it to FTO. 
Secondly, it also avoids the direct contact between the FTO and HTM which 
otherwise will lead to recombination of the electrons in the FTO and holes in the 
HTM. This recombination losses will result in poor solar–to-electric energy 
conversion efficiency of PSC.
Generally, synthesis of this blocking layer involves high temperature process (450 
ȗC) which would increase the manufacturing cost and also limits the choice of the 
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substrates. Therefore, the main objective of this study was to reactively sputter 
crystalline TiO2 thin film at low temperature which can be potentially used as 
blocking layer in PSC. This low temperature synthesis process will extend the 
choice of the substrates to cheaper and flexible polymer substrates. 
The growth of crystalline thin film, at low temperature, by reactive sputtering was 
investigated by varying the sputter parameters like sputtering current, chamber 
pressure and substrate temperature.
Blocking layer of various film thickness was deposited on plasma treated FTO 
substrate and the influence of the layer thickness on the photovoltaic properties of 
the corresponding PSC were investigated.
In chapter 4, it was demonstrated that plasma treating of the substrate resulted in 
improved adhesion between the deposited TiO2 thin film and substrate. Therefore, 
herein, the effect of plasma treating of the FTO substrate, prior to the blocking layer 
deposition, on the photovoltaic performance of the solar cell was also investigated. 
As mentioned in Chapter 3, the perovskite solar cells were fabricated and tested 
using the facilities at Monash University.
6.2 Experimental methods
6.2.1 Conditions for reactive sputtering of TiO2 thin films
The TiO2 thin films were deposited using a DC magnetron sputtering system 
(details of the system is given in Chapter 3, under section 3.2.2). A 3 inch pure 
metallic titanium target with purity of 99.99% was used as a sputtering target. The 
base pressure of the deposition chamber was 2 u 10-6 mbar.  Pure argon (99.99%) 
and oxygen (99.99%) was used as the sputtering reactive gases respectively. The 
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targets were cleaned with argon plasma for 5 min prior to sputtering. This was done 
in order to remove the surface oxide layer from the target surface. The target 




Chamber pressure 7 x 10-3 mbar
Gas Argon
Gas flow rate 15 sccm
Table 6. 1 Sputter conditions for target cleaning.
For TiO2 thin film deposition the flow rates of argon and oxygen were kept at 
constant values of 5 and 8 sccm, respectively [326]. Hence the chamber pressure 
for sputtering was kept at                5 x 10-3 mbar for all the depositions. The 
discharges were generated using a DC power supply. The sputtering power was 
kept at 100 W and the sputtering voltage was kept at 500 V and the substrate to 
target distance was maintained 5 cm for all the depositions.
In order to study the effect of the sputtering current on the morphology of the thin 
film, TiO2 thin films were deposited with 50 mA, 100 mA and 200 mA current for 
60 min on unheated silicon substrates.
In order to study the effect of pulsed DC on the deposition rate, TiO2 thin films 
were deposited using DC and pulsed DC. The pulsed frequency was maintained at 
50 kHz [327] and the deposition time was varied between 60 and 180 min.
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The substrate temperature was varied between 75 and 115 ȗC in order to examine 
the effect of the substrate temperature on the crystallinity of the thin film.
6.2.2 Plasma conditions for treating FTO substrate (prior to reactive 
sputtering of TiO2 thin films) 
The plasma conditions were based on the results in Chapter 4. The plasma 
treatments were done using the gas plasma system (explained in Chapter 3, section 
3.3.1). The plasma input power was 100 W and all the samples were treated in 
continuous wave mode. The base pressure of the chamber was 1 x 10-3 mbar. First, 
the FTO surface was cleaned with argon plasma for 1 min with a chamber pressure 
of 8 x 10-2 mbar. Subsequently, the samples were treated with oxygen plasma at a 
chamber pressure of 5 x 10-2 mbar. The plasma treatment time was varied 5, 15 and 
30 min.
6.3 Results and discussion
6.3.1 Effect of sputtering current on the morphology of the reactively 
sputtered TiO2 thin film
In order to analyse the effect of sputtering current on the morphology of the thin 
film, TiO2 thin films were deposited on unheated silicon substrates at a sputtering 
current of  50, 100 and 200 mA and the deposition time was 60 min.
Surface morphology analysis - SEM and AFM studies
The surface morphology of the sputtered TiO2 thin films deposited on unheated 
silicon substrate was observed using SEM and the images are presented in Fig 6.1. 
The TiO2 thin film deposited using 200 mA sputtering current exhibited densely 
packed fine grains that were well interconnected (Fig 6.1.a). The boundaries 
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between the particles in this film were clearly visible. The formation of the particles 
started to appear at 100 mA whereas for 50 mA sputtering current a dense thin film 
with very small particles were formed.
The morphology and the surface roughness of the TiO2 thin film was further 
analysed using AFM, as shown in Fig 6.1. In agreement with the SEM images the 
increase in the size of the grains with increase in the sputtering current was clearly 
visible from the AFM images and the surface roughness of the film increased with 
the increased sputtering current (shown in Fig 6.2).  The surface roughness of the 
thin films were determined from AFM images in a selected area of 2 ʅm x 2 ʅm.
The sputter current mainly determines the rate of the deposition process [326].
Hence, it can be expected that the low sputtering current exhibits low deposition 
rate due to less energetic argon over the target species. This may result in slow 
nucleation and growth of small grains as observed in the thin films deposited with 
50 mA. On the other hand, as the sputtering current was increased to 200 mA, the 
RMS roughness increased due to the growth of relatively large grains as observed 







Fig 6. 1 SEM and AFM images of reactively sputtered TiO2 thin films on  unheated 
silicon substrates at a sputtering current of (a) 50 mA (b) 100 mA (c) 200 mA.
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Chemical composition of the TiO2 thin film deposed with 200 mA sputtering 
current – XPS studies
The surface chemical composition of the reactively sputtered TiO2 thin film was 
verified using XPS. The surface survey spectra of the thin film is shown in Fig 6.3 
and the deposited thin film was found to be stoichiometric with no traces of any 
impurities found on the surface.
Fig 6. 2 Route mean square roughness estimated using AFM for 




Fig 6. 3 XPS survey spectrum of reactively sputtered TiO2 thin film deposited on 
unheated silicon substrate using 200 mA sputtering current.
6.3.2 Effect of pulsed DC on the deposition rate of sputtered TiO2 thin films
In order to investigate the rate of deposition, TiO2 thin films were reactively 
sputtered on unheated silicon substrates for 60, 90, and 180 min with 200 mA 
sputtering current. Both continuous and pulsed DC was used. For the pulsed DC, 
pulse frequency was 50 KHz, total time for one cycle was 5 ʅs and 10% duty cycle 
was used. 
Investigation of deposition rate - Cross sectional SEM and stylus profilometer 
measurement
The cross sectional SEM image and stylus profilometer were used to estimate the 
film thickness of the TiO2 thin film that were deposited with continuous and pulsed 
DC power. 
In Fig 6.4 the cross sectional SEM images and in Fig 6.4 the stylus probe 
measurements of thickness of thin films deposited with continuous DC are 
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presented.  The thickness of the film increased from about 35 nm for a 60 min 
deposition to 60 nm for 90 min deposition. Upon further increment in the deposition 
time, no significant increase in the film thickness was observed. This indicated that 
the films did not grow any further after depositing for 90 min. The reason for this 




- ~60 nmTiO2 - ~59 nm
Substrate
(a) (b)
Fig 6. 4 Cross sectional SEM images of TiO2 thin films deposited with 
continuous DC for (a) 90 min and (b) 180 min.
Fig 6. 5 Film thickness measured using stylus profilometer.
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The cross sectional SEM images of the thin films deposited with pulsed DC for 60 
and 120 min are shown in Fig 6.6. It can be seen that now we have a regular 
columnar growth of TiO2 film, rather than the crunched growth of the continuous 
DC. The thickness of the thin film measured using a stylus profilometer are 
presented in Fig 6.7. It was noticed that thickness of the thin film increased linearly 
with increase in the deposition time when pulsed DC was used for sputtering. The 
deposition rate was found to be around 1.3 nm per minute. For a 180 min deposition 
the thickness of the film reached to about 243 nm. 
Substrate
TiO2 - ~160 nm
Substrate
TiO2 - ~81 nm
(b)(a)
Fig 6. 6 SEM cross sectional of TiO2 thin films deposited with pulsed DC for 
(a) 60 min (b) 120 min.
Fig 6.6 Film thickness measured using stylus profilometer  
Fig 6. 7 Film thickness measured using stylus profilometer.
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This observation of variation in the film thickness with respect to continuous DC 
and pulsed DC can be explained as follows.
Generally, decrease in the deposition rate of the thin films sputtered in the reactive 
mode is due to reaction of the reacting gas, i.e. oxygen in our case, with the surface 
of the target and its conversion to TiO2. As a result of this surface reaction, oxide 
layers can be formed on the target surface. Two major problems can result due to 
this surface reaction : (i) surface of the target is covered by dielectric layers, which 
get charged up, and cause arcing when the charge achieves a threshold value, and 
(ii) uneven removal of the target material due to its dielectric layer cover [219, 328].
We believe that the crunched film observed for continuous DC conditions can 
effectively cause higher charging than in pulsed DC. Here in, this is a reasonable 
explanation for observing reduced deposition rate when TiO2 thin films were 
reactively sputtered using continuous DC.
On the other hand, the arcing problem associated with the reactive magnetron 
sputtering can be suppressed by removing the accumulated charge from the surface 
[329, 330]. By pulsing the DC discharge the problem associated with the charge 
built up can be eliminated and arc-free operating conditions can be achieved [331].
In a pulsed discharge (as shown in Fig 6.7, where tcycle is ton + toff), the power is 
applied during the on-time (ton) during which a negative voltage pulse is applied to 
the target. At the end of ton, the power is switched off for a period of time (toff). The 
target surface that were charged up during the on time are discharged during the off 
time due to the non-interference of the highly energetic ions or UV photons. This 
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may be the reason for the continuous film growth when sputtered with pulsed DC 
(see Fig6.6).
6.3.3 Crystallinity of the thin film 
The formation of crystalline thin films during sputtering, mainly depends on two 
key factors: the substrate temperature and energy of the sputtered ions impinging 
on the substrate [303-307]. Among these two factors, substrate heating is well-
known for improving crystallinity of thin films. This is because, from thin film 
nucleation and growth theory, the energy of the nucleation sites is a function of 
temperature [308]. Therefore, the effect of deposition time, chamber pressure and 
substrate temperature (heating the substrate with a heater set up inside the machine, 
during deposition) were investigated. It should be noted hence forth the thin films 
were reactively sputtered using pulsed DC.




6.3.3.1 Effect of deposition time on crystallinity of thin films
The XRD patterns of TiO2 thin films deposited for 60, 90, 180 and 240 min on 
unheated silicon substrates are shown in Fig 6.9. From the XRD patterns, it can be 
seen that the TiO2 thin film deposited for 60 min did not possess any diffraction 
peaks, indicating the growth of amorphous structure or very small crystallites. 
When the deposition time was increased from 90 min to 240 min, the XRD patterns 
of TiO2 films H[KLELWHGSHDNVDWș ȗ DQGD UHODWLYHO\ VPDOOSHDNDWș 
26.7ȗ, these peaks are attributed to anatase and rutile phase TiO2. The intensities of 
the peaks increased steadily with increase in the deposition time. This means that 
the thin films started to crystallise and possessed mixed crystalline phase.
6.3.3.2 Effect of chamber pressure on the crystallinity of thin film
In Fig 6.11, the XRD patterns of TiO2 thin films that were reactively sputtered at 
0.02 and 0.005 mbar chamber pressure, for 180 min on unheated silicon substrates 
Fig 6. 9 XRD patterns of reactively sputtered TiO2 thin films that were 




are shown. The thin film that was deposited in low chamber pressure exhibited 
diffraction patterns which indicated the crystalline nature of the film. The peaks 
were indexed to anatase and rutile peaks. The thin film reactively sputtered for the 
same deposition time at high chamber pressure were amorphous and therefore did 
not possess any diffraction peaks.
6.3.3.3 Effect of substrate temperature on the crystallinity of thin film
The XRD patterns of TiO2 thin films deposited on heated silicon substrates for 90 
min are presented in Fig 6.10. TiO2 thin films were reactively sputtered on silicon 
substrates that were heated to 75 ȗC, 115 ȗC and 150 ȗC (during deposition). All the 
thin films deposited on heated substrates showed diffraction patterns which 
indicated that the films were crystalline in nature. The observed peaks were indexed 
to anatase and rutile phase. The anatase peak grew in intensity with increase in the 
Fig 6. 10 XRD patterns of TiO2 thin that were reactively sputtered at 




substrate temperature which revealed that the thin films were mostly in anatase 
phase.
Low temperature growth of crystalline thin film (Discussion) 
Among the different deposition parameters in reactive sputtering, the flux and 
energy distribution of all the different species, both neutral and ionized, impinging 
onto the growth surface and temperature of the substrate, are important to determine 
the crystallinity of the film [332].
The flux and energy of the different species in plasma that impinge on the substrate 
surface can be affected by the chamber pressure during the sputtering process. The 
prHVVXUH LQ WKH FKDPEHU SGHWHUPLQHV WKHPHDQ IUHHSDWK Ȝ IRU WKH VSXWWHUHG
species, which is proportional to 1/p. Together with the target-substrate distance, 
the chamber pressure controls the number of collisions that could occur for the 
particles on their way from the target to the substrate. Further, it should be 
Fig 6. 11 XRD patterns of reactively sputtered TiO2 thin films that were 




considered that the lower is the pressure the higher is the power delivered to each 
molecule in the average, which is the extent of ionization and fragmentation of gas 
phase species. Thus, at low pressure, the sputtered particles can arrive with 
relatively high kinetic energy at the substrate with fewer collisions [308]. It is 
assumed that the bombardment of the substrate surface by the particles with high 
energy can result in the growth of crystalline thin films. This is the reason why the 
TiO2 thin films that were deposited at 0.005 mbar exhibited crystalline property 
whereas the film deposited at 0.02 mbar was amorphous in nature (see Fig 6.10).
In an unheated surface, the substrate surface gradually starts to heat up due to the 
continuous bombardment of the sputtered species on the substrate surface. The 
effect of plasma heating increases the temperature of the substrate surface for 
increase in the deposition time [308]. This explains the growth of crystalline thin 
film starting from 180 min deposition time on unheated substrates. A combination 
of plasma heating and substrate heating is thought to have initiated crystalline thin 
ILOPJURZWKDWDORZWHPSHUDWXUHRIÛ&IRUDOHVVGHSRVLWLRQWLPHRIPLQ
[333].
In general, the energy required to grow anatase phase is less when compared to 
rutile. This is because the surface Gibbs free energy of anatase phase is lower than 
that of rutile phase, therefore, TiO2 initially prefers to nucleate into anatase phase 
rather than into rutile [309, 310]. This might be reason for the growth of anatase 
phase dominant TiO2 thin film in our study.
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6.3.4 Reactively sputtered crystalline TiO2 as blocking layer in perovskite 
solar cells (PSC)
In the previous section, the optimum deposition condition for obtaining crystalline 
thin film were obtained. Therefore, TiO2 thin film were reactively sputtered on FTO 
substrates at 150 ȗC to be used as blocking layer in PSC.
6.3.4.1 Planar heterojunction device architecture of PSC – Cross sectional 
SEM
A cross sectional SEM image (Fig 6.12 a) and a schematic representation (Fig 6.12
b) is used to describe the device architecture of the planar heterojunction 
architecture of a PSC.
Where HTM is hole transport medium (spiro-OMeTAD) and perovskite is 
organometal halide (CH3NH3PbI3) that were used in this study [234]. It was really 
hard to distinctively image the TiO2 blocking layer in the device through SEM 










Fig 6. 12 (a) cross sectional SEM image of perovskite solar cell in planar 




6.3.4.2 Effect of plasma treatment of FTO (prior to TiO2 thin film deposition) 
on the photovoltaic performance of PSC
The FTO substrates were treated with argon and oxygen plasma consequently, prior 
to the deposition of the TiO2 blocking layer. In chapter 4, we noticed that treating 
the substrate with plasma improved the adhesion between the thin film and the 
substrate by removing the surface organic contaminants and functionalising the 
surface. Therefore, FTO substrates were treated with plasma prior to the TiO2 thin 
film deposition. The FTO substrates were first treated with argon plasma (CW, 100 
W) for 1 min followed by oxygen plasma (CW, 100W) for 5, 15 and 30 min. TiO2
thin films were reactively sputtered over the plasma treated FTO for 30 min. By 
keeping the same deposition time the TiO2 thin film thickness was maintained the 
same in this analysis.
Change in surface chemistry of plasma treated FTO substrates - XPS studies
The elemental composition as measured by XPS before and after the oxygen plasma 
treatment of FTO is presented in Table 6.2. It was noticed that the carbon 
concentration of all the plasma treated FTO was less when compared to the 
untreated FTO. This may be because of the removal of the organic contaminants 
on the surface after the plasma treatments. Fluorine atoms were detected on the 
surface of all the plasma treated FTO. The density of the fluorine atoms increased 
with increase in the plasma treatment time. The density of oxygen atoms increased 
for all the plasma treated samples. This indicated that oxygen functional groups 
were created after the plasma treatment.
This may be because of the etching effect caused by the plasma. Any surface 
exposed to plasma becomes negatively charged attracting the positive ions towards 
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the surface. When an energetic ion collides with the FTO surface, the ion energy is 
transferred to the lattice atoms thereby breaking some chemical bonds. Therefore, 
continuous bombardment of the surface with the energetic ions might have resulted 
in selective sputter-etching of fluorine atoms which were detected by XPS.
Control 5 min 15 min 30 min
C 19.6±1.5 13.6±0.7 13.0±0.8 13.7±0.7
Sn 26.6±1.3 27.8±1.4 27.5±1.4 27.9±1.4
O 53.8±2.6 56.8±2.8 57.4±2.8 55.8±2.8
F 0 1.8±0.2 2.1±0.1 2.6±0.1
Table 6. 2 Elemental composition of untreated (control) and plasma treated FTO 
substrate.
Solar-to electric energy conversion efficiency studies of PSC
In order to study the effect of plasma treatment of the FTO substrate, on the 
photovoltaic performance of PSC. A series of PSC were fabricated on about 40 nm 
thick TiO2 blocking layer that was deposited on untreated and plasma treated FTO 
substrates. The photovoltaic performance of PSC were analysed by measuring their 
characteristic I-V characteristic curves.
I-V characterisation
The I-V characteristic curves of the PSC measured under illumination of simulated 
sunlight (100 mW/cm2) are given in Fig 6.13. And the corresponding solar cell 
performance parameters are summarised in Table 6.3. It was noted that the PSC 
fabricated with the plasma treated FTO showed better performance than the 
untreated FTO. Among the different plasma treatments, 5 min plasma treatment 
showed better performance than 15 min and 30 min treatment. The most efficient 
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perovskite device had a short circuit photo current (JSC) of 16.6 ± 0.2 mA/cm2, open 
circuit voltage (VOC) of 961 ± 0.2 mV, fill factor of 0.5 ± 0.02 and overall 
conversion efficiency of 8.1 ± 0.6%. This is a relative increase of about 37 % in 
efficiency when compared with that of the untreated FTO substrate. The increase 
in efficiency is mainly due to the high VOC.
 
Table 6. 3 Solar cell performance parameters of perovskite solar cells fabricated 
on untreated (0 min) and plasma treated FTO substrates, where, Voc is open 
circuit voltage and Jsc is short circuit current. 
Plasma treatment time of FTO (min)
0 5 15 30
VOC (mV) 757  ± 76 961 ± 35 928 ± 17 902 ± 24
JSC (mA/cm2) 18.2 ± 1.3 16.6 ± 0.53 19.4 ± 0.4 17.5 ± 0.8
Fill Factor 0.37  ± 0.01 0.51 ± 0.02 0.40 ± 0.01 0.39 ± 0.02
Efficiency (%) 5.1 ± 0.4 8.1 ± 0.4 7.4 ± 0.4 6.2 ± 0.5
Fig 6. 13 I-V characteristic curve of perovskite solar cell 
fabricated on untreated and plasma treated FTO substrate.
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In planar heterojunction devices, VOC is typically defined as the difference between 
the highest occupied molecular orbital (HOMO) of the donor, i.e. is the hole 
transport medium (HTM), and the lowest unoccupied molecular orbital (LUMO) 
level of the acceptor (i.e. TiO2) [334]. Generally, the open circuit voltage of the 
solar cell can be increased by (i) increasing the difference in the energy levels 
and/or by (ii)  a suppression of recombination losses at the interfaces [335, 336].
The relationship between VOC and recombination losses can be explained by using 
the ideal diode equation under illumination [337],
ܬ = ܬ଴ [exp ቀ ௤௏௡௄்ቁെ 1]െ  ܬௌ஼ (1)
Where JO is the dark saturation current density (A/cm2), JSC is the short circuit 
current density (A/cm2), and n is the ideality factor. Assuming that JSC >> JO, the 
VOC is then given by the following equation (by setting J to 0),





From the above equation, VOC is directly proportional to ln (JSC/JO) and therefore 
JO should be reduced. JO is the dark saturation which can be considered as a direct 
measure of the recombination in the solar cell [336].
In this study, the plasma treatment was done on the FTO substrate so we do not 
except any change in the Fermi levels of HTM and TiO2. Therefore, the increase in 
the VOC is being related to the reduced recombination due to improved electron 
transport at the plasma treated FTO and TiO2 interface. Optimised interfaces can 
lead to reduced recombination loses resulting in an increased VOC.
The energy band gap diagram of the device is presented in Fig 6.14. The energy 
levels of TiO2, CH3NH3PbI3 and the hole conducting materials were derived from 
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the previously reported values [19]. Upon illumination, the CH3NH3PbI3 perovskite 
absorbs light and generates electron-hole pairs. The  charge dissociation of the 
excitons takes place mainly at the  TiO2/ CH3NH3PhI3 interface and the remaining 
holes travels through the perovskite to reach the hole transporting layer [148]. The 
n-type TiO2 deposited on the FTO substrate acts as the electron selective contact 
[159]. The electrons get injected into the conduction band of TiO2 and the 
perovskite itself can behave as the hole conductor [165]. It has been suggested that 
the performance of the device can be maximised by optimising the interfaces and 
contacts between the different layers. Each interface plays an important role 
because the loss of the charge carriers may occur at the interfaces. 
Fig 6. 14 Energy band gap diagram for a perovskite solar cell.
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From the XPS results, it was clear that the oxygen plasma treatment introduced 
various oxygen containing functional groups on the surface of FTO. The plasma 
treatment can change the surface energy of the FTO substrate which provides a 
strong binding between the FTO and the sputter deposited TiO2 [328]. Oxygen 
plasma treatment has been demonstrated as an effective approach to saturate the 
surface with hydroxyl group which increases the work function of the metal oxide 
surface [296, 338]. This improves the affinity between the TiO2 thin film and the 
FTO surface, providing a good electrical contact between the FTO and the TiO2.
The n-type TiO2 serves as the electron collector and transfers the charges through 
to the FTO substrate [160]. This may be the reason for improved efficiency of the 
PSC with plasma treated FTO when compared to untreated FTO. However, 
prolonged plasma treatment might change the surface properties of the FTO. For 
example, from the XPS we noticed that the fluorine atoms have been etched due to 
plasma treatment and the atomic concentration of fluorine increased with the 
increase plasma treatment time. Hence, this might have affected the conducting 
property of the FTO substrate. Therefore, 5 min plasma treatment is enough to clean 
the surface and improve the device performance whereas 15 min and 30 min may 




6.3.4.3 Effect of TiO2 blocking layer thickness on the photovoltaic 
performance of PSC
In order to investigate the effect of the blocking layer thickness on solar-to-electric 
energy conversion efficiency of PSC, TiO2 thin film were reactively sputtered on 5 
min plasma treated FTO substrate for 10 min, 30 min , 45 min and 60 min. By 
varying the deposition time, a series of samples with increasing blocking layer 
thickness on top of FTO coated glass substrates was prepared.
Morphology analysis - SEM study
The morphology of bare FTO and FTO with TiO2 thin films were analysed using 
SEM and the images are presented in Fig 6.15 and 6.16. The bare FTO (Fig 6.15 a 
& A) shows characteristic morphology of tin oxide crystals. The thickness of the 
FTO layer was estimated to be 500 nm from the cross-sectional image (which is 
presented in the earlier section, see Fig 6.17). The FTO surface with 10 min (Fig 
6.15 b & B) TiO2 deposition appeared almost similar to bare FTO, indicating that 
the deposition time was not enough to form continuous films on the FTO surface. 
Particle-like pattern starts to appear on the FTO surface with 30 min deposition, as 
shown in Fig 6.15 c. This is a result of thin film growth on the FTO particles. Most 
of the FTO particles were covered by TiO2 for 45 min (Fig 6.16 d &D) and 60 min 
(Fig 6.16 e &E) deposition, and the sharp edges of the FTO particles were rounded 
off. Fig 6.16 f, shows the surface of FTO with 90 min deposition, the FTO particles 
are almost invisible and the layer is completely covered with the TiO2 thin film. 
From the SEM images, it is clear that the TiO2 thin film was growing on the top of 
the FTO particles, taking up the structure of the underneath surface. After 90 min 
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deposition, the sharp edges and the smaller particle structures of FTO are almost 




Fig 6. 15 SEM images of  reactively sputtered TiO2 blocking layer on plasma cleaned
FTO substrate (a) FTO (b) 10 min (c) 30 min and their corresponding higher
magnification images are present in A, B and C respectively.
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Film thickness of the blocking layer 
The thickness of the reactively sputtered TiO2 blocking layer were estimated using 




Fig 6. 16 SEM images of reactively sputtered TiO2 blocking layer on plasma 
cleaned FTO substrate (d) 45 min (e) 60 min (f) 90 min and their corresponding
higher magnification images are present in D, E and F respectively.
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substrates were used because they are relatively smoother that the FTO substrates 
which makes it suitable for surface analysis. The estimated thin film thickness is 
about 40±7, 58±5, 76±5 and 110±5 nm for 30, 45, 60 and 90 min deposition, 
respectively. 
Solar-to electric energy conversion efficiency studies of PSC
A series of PSC with different blocking layer thickness were prepared and the I-V
characteristic curves were measured. 
I-V characterisation
Fig 6.17 shows the characteristic I-V curves of the perovskite solar cells with TiO2 
blocking layer of various thickness. The I-V measurements were carried out at 100 
W/cm2 illumination. The photovoltaic properties of the solar cells are summarised 
in Table 6.4.
The solar cell with 10 min deposition showed a linear curve with a very low current 
density (JSC), open-circuit voltage (VOC), and fill factor (FF), resulting in almost 
0% energy conversiRQHIILFLHQF\܏7KLVLVDQLQGLFDWLRQWKDWWKHVRODUFHOOKDG
short circuited and scarcely an out power could be obtained from such a solar cell. 
The perovskite devices with 45 min and 60 min deposition showed almost similar 
efficiency of about 8.63 and 8.73 %. However, the device with 45 min deposition 
showed the highest JSC, 20.30 mA/cm2 and VOC, 972.5 mV, among the fabricated 
solar cells.
The Jsc of the cells started to increase from 1.39 mA/cm2 for a 10 min deposition 
to 20.30 mA/cm2 for 45 min deposition and it started to decrease for further 
increment in the deposition time. The efficiency of the solar cell decreased 





10 30 45 60 90
Voc (mV) 84 ± 12 961 ± 35 973 ± 38 960 ± 47 850 ± 41
Jsc (mA/cm2) 1.39 ± 0.04 16.60 ± 
0.53
20.30 ± 0.91 18.57 ± 0.69 7.56 ± 
0.48
Fill Factor 0.26 ± 0.02 0.51 ± 
0.02
0.44 ± 0.02 0.49 ± 0.0 0.18 ± 0.0
Efficiency (%) 0.03 ± 0.01 8.1 ± 0.4 8.6 ± 0.4 8.7 ± 0.6 1.1 ± 0.4
Table 6. 4 Photovoltaic performance of perovskite solar cell with TiO2 blocking 
layer of different thickness.
The important function of the TiO2 blocking layer is to block the passage of 
electrons from the FTO to HTM [175]. In a planar heterojunction perovskite solar 
cell, the TiO2 blocking layer also plays an important function of collecting the 
Fig 6. 17 I-V curve of perovskite solar cells with TiO2
blocking layer of different thickness.
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electrons from the perovskite layer and transporting to the external load [159].
Therefore this layer should be thick enough to cover the entire FTO surface, to 
avoid the contact between FTO and HTM, but also not too thick to inhibit the 
charge transport.
The very poor photovoltaic performance of solar cells with 10 min deposition of 
the blocking layer prove the need for this layer as a required component in the 
planar heterojunction PSC. The cell with 30 min deposition exhibited much better 
performance than the 10 min deposition with a constant increase in the short circuit 
current density. More JSC means less electrons backwards from the TiO2 layer to 
the HTM which in other words means less recombination of the generated charge 
carriers. Thicker blocking layer may have inhibited by better blocking the holed 
produced from getting through to the FTO, therefore, result in a better performance. 
This is the reason why increased in the photovoltaic performance was noticed for 
45 min and 60 min deposition.
Thicker blocking layer can, on the other hand, also hinder the sired charge transport 
properties. If the blocking layer is too thick then it might take longer time for the 
electrons to reach the FTO before recombining with the holes. In other words a high 
resistance could have developed on the FTO surface thereby inhibiting the electron 
transport to the FTO [339, 340]. This might have been one of the reason for the 
reduced JSC, VOC and overall efficiency of the solar cell with 90 min deposition. 
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For the purposed of clarity, the influence of the blocking layer thickness obtained 
by different deposition time on the photovoltaic performance like short circuit 
current density (JSC), open circuit voltage (VOC) and efficiency are plotted in Fig 
6.18. The VOC shows a maximum plateau between 30 and 60 min deposition time. 
The JSC increases steadily from 10 min deposition to 45 min deposition and then 
VWDUWVWRGHFOLQHIRUIXUWKHULQFUHDVHLQWKHGHSRVLWLRQWLPH7KHHIILFLHQF\܏LV
defined by the equation,
Ꮈ = ୎ೄ಴.௏ೀ಴.୊୊௉೔೙ (3)
Where Pin is the power input which was the same for all the experiments. Thus, ܏
reflects the resulting product of the three parameters JSC, VOC and FF. A maximum 
Fig 6. 18 Comparison between (a) VOC (b) JSC (c) efficiency of the 




flat region of the efficiency is seen over a region of 30 – 60 min deposition of the 
blocking layer. This deposition time corresponds to a thickness between 58 – 110
nm. Therefore, it can be suggested that the fluctuation of the reactively sputtered 
blocking layer thickness over thick range can be tolerated in order to prepare the 
best performing perovskite solar cells. However, the efficiency of the PSC could 
be further improving the FF. This can be achieved by ensuring the proper coverage 
of the perovskite film on the anode material.
6.4 Summary
Crystalline TiO2 thin films were reactively sputtered using a DC magnetron sputter 
at low temperature (150 ȗC).  The sputtering current had an influence on the 
morphology of the deposited thin films. The thin films deposited at a sputtering 
current of 200 mA possessed well developed grains. The deposition rate was found 
to increase when a pulsed DC was used. 
The various sputter parameters like deposition time, chamber pressure and substrate 
temperature had an influence on the crystallinity of the thin film. On an unheated
silicon substrate, the film deposited for a longer time were found to be crystalline. 
With increase in the chamber pressure from 0.02 mbar to 0.005 mbar, the structure 
of the TiO2 thin film transforms from amorphous phase to crystalline phase. By 
applying a low temperature of 150 ȗcrystalline thin films were formed for 90 min 
deposition.
Plasma treatment time of the FTO substrates had an influence on the solar-to-
electric energy conversion efficiency of PSC. 5 min plasma treatment of FTO was 
found to give better efficiency when compared to 15 min and 30 min treatment. 
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The efficiency of PSC increased from 5.1% for untreated FTO to 8.1 % for PSC 
with 5 min plasma treated FTO.
In regard with the thickness of the blocking layer in PSC, for obtaining the best 
performing PSC with reactively sputtered TiO2 blocking layer, the layer thickness 
can lie between 58 - 110 nm (based on our results). However, best performance of 
about 8.7% solar-to-electric energy conversion efficiency was obtained for PSC 
which contained 76 nm thick blocking layer. For this thickness, the thin film was 
reactively sputtered for 60 min.
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Chapter 7 Conclusions and future work
7.1 Conclusions
1. Oxygen plasma has been used to introduce oxygen functional groups, 
particularly hydroxyl groups, onto the surface of TiO2. Compared to untreated 
TiO2, a 24% increase in the amount of dye loading was found in the plasma 
treated TiO2. This increased the solar-to-electric energy efficiency of the DSSC 
with plasma treated electrode to 4.3%, which was a 13% increase over the 
DSSC with untreated electrode. This increase in efficiency was mainly 
attributed to the functionalisation of the TiO2 electrode caused by the plasma 
treatment. The hydroxyl functional groups can immobilise the dye molecules 
on the surface of TiO2 via hydrogen bonding. Hence, functionalising the TiO2
surface has increased the dye loading and improved bonding between the dye 
and TiO2. Secondly, it was also found that a small fraction of Ti4+ states on the 
surface were reduced to Ti3+ after the plasma treatment. Therefore the increase 
in the energy conversion efficiency was partly attributed to these surface charge 
states. The generated surface charge states, and the increased amount of dye 
was found to have improved the electron transport properties and reduced the 
recombination losses at the Dye/TiO2/electrolyte interface of the solar cell.
In order to understand the interaction between plasma and the TiO2 surface, a 
comparative study was conducted between a spin-coated TiO2 thin film and a 
commercial TiO2 electrode. The reason for using the spin-coated TiO2 thin film 
was that its smoother surface was considered more suitable for the analysis of 
chemical changes using techniques like XPS. Under the same energy input, 
pulsed mode retained more functional groups on the surface. On the other hand, 
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continuous wave treatment generated more Ti3+ states along with 
functionalising the TiO2 surface.
2. Controllable and effective nitrogen doping of TiO2 that could not be achieved 
by heat or plasma alone was successfully achieved using a unique combined 
plasma plus thermal system. Doping TiO2 with nitrogen enabled the energy band 
gap to be narrowed and created Ti3+ states which could both help improve the 
electron transport properties in the nitrogen doped TiO2. A 5 min plasma (N2 +
15%H2) resulted in about 3% (atomic) doped nitrogen and this led to an 
increased visible light absorption of the doped TiO2. In particular, the highest 
nitrogen doping level of 6% (atomic), achieved by a 30 min treatment, reduced 
the energy band gap of TiO2 from 3.2 eV to 2.7 eV. The plasma + heat treatment 
for doping TiO2 with nitrogen gives a more environmentally friendly and less 
time consuming approach for nitrogen doping of TiO2 for use in the dye 
sensitised solar cells, than chemical methods. 
3. A crystalline TiO2 thin film was successfully grown at a low temperature (150 
Û& E\ D'&PDJQHWURQ UHDFWLYH VSXWWHULQJ V\VWHP 7KH UHDFWLYHO\ VSXWWHUHG
TiO2 thin films were used as a blocking layer in a perovskite solar cells. Based 
on our results, the optimum layer thickness lies between 58 and 110 nm, for the 
best performing PSC, with a reactively sputtered TiO2 blocking layer. The best 
performance, of about 8.7% solar-to-electric energy conversion efficiency, was 
obtained for a PSC with a 76 nm thick blocking layer. For this thickness, the thin 
film was reactively sputtered for 60 min. This is a remarkably high efficiency 
for a low temperature synthesised blocking layer.
Plasma treatment time of the FTO substrates, prior to deposition of the TiO2
blocking layer, also had an influence on the solar-to-electric energy conversion 
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efficiency of the PSC. A 5 min plasma treatment of FTO was found to give better 
efficiency than 15 min and 30 min treatment. The efficiency of the PSC 
increased from 5.1% for untreated FTO to 8.1% for a PSC with 5 min plasma 
treated FTO.
The sputter parameters of deposition time, chamber pressure and substrate 
temperature were found to influence the crystallinity of the thin film. On an 
unheated silicon substrate, the films deposited for a longer time were found to 
be more crystalline. With increase in the chamber pressure from 0.02 mbar to 
0.005 mbar, the structure of the TiO2 thin film transformed from amorphous 
phase to crystalline phase. By applying a low temperature of 150 ºC, crystalline 
thin films were formed for 90 min deposition. This low temperature synthesis 
route allows heat sensitive substrates for this type of solar cells, allowing the use 
of flexible and cheaper polymer substrates. 
7.2 Future Work
A promising direction for future work would be to focus on doping the commercial 
TiO2 electrode with the plasma + heat system and test the solar-to-electricity 
conversion of the solar cells with a nitrogen doped electrode. For this a mask needs 
to be developed in order to protect the underlying conductive oxide layer of the 
electrode. Secondly, low temperature reactive sputtering of TiO2 could be used on 
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^ĐŝĞŶĐĞĂŶĚdĞĐŚŶŽůŽŐǇ͗sĂĐƵƵŵ͕^ƵƌĨĂĐĞƐĂŶĚ&ŝůŵƐ͕ϭϴ;ϮϬϬϬͿϮϴϵϬ-Ϯϴϵϲ͘ 
΀ϯϯϮ΁E͘,ĞůůŐƌĞŶ͕<͘DĂĐĄŬ͕͘ƌŽŝƚŵĂŶ͕D͘W͘:ŽŚĂŶƐƐŽŶ͕>͘,ƵůƚŵĂŶ͕:͘͘^ƵŶĚŐƌĞŶ͕
:ŽƵƌŶĂůŽĨƉƉůŝĞĚWŚǇƐŝĐƐ͕ϴϴ;ϮϬϬϬͿϱϮϰ-ϱϯϮ͘ 
΀ϯϯϯ΁:͘DƵƐŝů͕͘,ĞƎŵĂŶ͕:͘aşĐŚĂ͕:ŽƵƌŶĂůŽĨsĂĐƵƵŵ^ĐŝĞŶĐĞΘdĞĐŚŶŽůŽŐǇ͕Ϯϰ;ϮϬϬϲͿ
521-ϱϮϴ͘ 
΀ϯϯϰ΁z͘&͘ŚŝĂŶŐ͕:͘z͘:ĞŶŐ͕D͘,͘>ĞĞ͕^͘Z͘WĞŶŐ͕W͘ŚĞŶ͕d͘&͘'ƵŽ͕d͘͘tĞŶ͕z͘:͘,ƐƵ͕
͘D͘,ƐƵ͕WŚǇƐŝĐĂůŚĞŵŝƐƚƌǇŚĞŵŝĐĂůWŚǇƐŝĐƐ͕ϭϲ;ϮϬϭϰͿϲϬϯϯ-ϲϬϰϬ͘ 
΀ϯϯϱ΁W͘W͘Žŝǆ͕<͘EŽŶŽŵƵƌĂ͕E͘DĂƚŚĞǁƐ͕^͘'͘DŚĂŝƐĂůŬĂƌ͕DĂƚĞƌŝĂůƐdŽĚĂǇ͕ϭϳ;ϮϬϭϰͿ
16-Ϯϯ͘ 
΀ϯϯϲ΁t͘zŽŽŶ͕:͘͘ŽĞƌĐŬĞƌ͕D͘W͘>Ƶŵď͕͘WůĂĐĞŶĐŝĂ͕͘͘&ŽŽƐ͕:͘'͘dŝƐĐŚůĞƌ͕^Đŝ͘ZĞƉ͕͘ϯ
;ϮϬϭϯͿ͘ 
΀ϯϯϳ΁^͘D͘^ǌĞ͕WŚǇƐŝĐƐŽĨ^ĞŵŝĐŽŶĚƵĐƚŽƌĞǀŝĐĞƐ͕ϮŶĚĚŶĞĚ͕͘:ŽŚŶtŝůĞǇΘ^ŽŶƐ͕/ŶĐ͕͘
ϭϵϴϭ͘ 
΀ϯϯϴ΁^͘dƐŽŝ͕͘&ŽŬ͕:͘͘^ŝƚ͕:͘'͘͘sĞŝŶŽƚ͕>ĂŶŐŵƵŝƌ͕ϮϬ;ϮϬϬϰͿϭϬϳϳϭ-ϭϬϳϳϰ͘ 
΀ϯϯϵ΁y͘tĂŶŐ͕z͘&ĂŶŐ͕>͘,Ğ͕Y͘tĂŶŐ͕d͘tƵ͕DĂƚĞƌŝĂůƐ^ĐŝĞŶĐĞŝŶ^ĞŵŝĐŽŶĚƵĐƚŽƌ
WƌŽĐĞƐƐŝŶŐ͕Ϯϳ;ϮϬϭϰͿϱϲϵ-ϱϳϲ͘ 
΀ϯϰϬ΁͘WĞŶŐ͕'͘:ƵŶŐŵĂŶŶ͕͘:ćŐĞƌ͕͘,ĂĂƌĞƌ͕,͘-t͘^ĐŚŵŝĚƚ͕D͘dŚĞůĂŬŬĂƚ͕
ŽŽƌĚŝŶĂƚŝŽŶŚĞŵŝƐƚƌǇZĞǀŝĞǁƐ͕Ϯϰϴ;ϮϬϬϰͿϭϰϳϵ-ϭϰϴϵ͘ 
 
 
211 
 
